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Abstract 
Increasing salinity level in freshwater and coastal environments caused by sea level 
rises linked to climate change impacts is recognised to be a major factor that can 
have negative effects on fish growth, especially in freshwater teleost species. Tra 
catfish (P. hypophthalmus) is an important freshwater fish species that is now widely 
farmed across the Mekong River Delta in Vietnam. Understanding the basis for 
tolerance and adaptation to raised environmental salinity conditions can assist the 
regional culture industry to mitigate predicted impacts of climate change across this 
region.  
 
Recent advances in next generation sequencing technologies (specifically – RNA-
seq) can allow researchers to identify and understand multiple interactions between 
genes that affect quantitative traits of interest including salinity tolerance. Here an 
RNA-seq approach was used to investigate genes in P. hypophthalmus that 
potentially influence acclimation to raised sub-lethal salinity conditions.  
 
Analysis of transcriptomic data resulted in more than 174 million raw reads from 
three tissue libraries (gill, kidney and intestine). Reads were then filtered and de novo 
assembled using a variety of de novo assemblers. A comparative analysis of results 
from multiple assemblers as well as a combined transcriptome were used to create an 
optimum reference transcriptome for P. hypophthalmus. Downstream analysis 
resulted in a final reference transcriptome that contained 60,585 unique transcripts 
with an N50 of 683bp. This resource was then further annotated using a variety of 
bioinformatics software. Following this step, differential gene expression analysis 
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was carried out that resulted in 3,062 transcripts that were differentially expressed in 
catfish samples raised under two experimental conditions (0 and 12ppt). Transcripts 
with a potential role in salinity tolerance based on previous studies identified from a 
review of the relevant literature were then classified into six different functional gene 
categories based on their gene ontology assignments.  
 
Finally, the current study combined the data on functional salinity tolerance genes 
into a hypothetical schematic model that attempted to describe the potential 
relationships and interactions among these genes to explain the molecular pathways 
that control adaptive salinity responses in Tra catfish (P. hypophthalmus). The results 
of the current project can form the basis for further studies to confirm the functional 
roles of specific genes influencing salinity tolerance in the target species and more 
broadly in other freshwater teleost fishes. 
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Chapter 1: General introduction 
1.1 GENERAL BACKGROUND 
1.1.1 Current status of aquaculture in Vietnam 
Aquaculture as a food production sector and fisheries in general have become a major 
contributor to Vietnam’s economic growth over recent decades, and is now a key 
industry (Duc, 2008). Vietnam’s expanding aquaculture industry now supplies major 
international markets and these markets continue to expand (MOFi, 2013). Aquaculture 
products from Vietnam are exported to more than 100 countries around the globe with 
the primary markets including the USA, Japan, China and the EU (FAO, 2014). Total 
aquaculture production in 2013 from Vietnam was estimated at 5,918 thousand tons, 
and this included 4,400 thousand tons of harvested fish, an increase of 3.2% from 2012, 
and 704 thousand tons of prawns, an increase of 11.7% also from 2012 (MOFi, 2013). 
Aquatic species currently farmed extensively in Vietnam include; giant tiger prawn 
(Penaeus monodon), Tra catfish (Pangasianodon hypophthalmus), spiny lobster 
(Panulirus spp.), groupers (Epinephelus spp.), bivalves (Meretrix lyrata) and tilapia 
(Oreochromis niloticus). Among the major Vietnamese aquatic products that are 
exported to international markets, marine prawns and Tra catfish are currently the most 
important oness and now contribute significantly to growing export value. While the 
aquaculture sector in Vietnam has great potential for future growth, there are however, a 
number of significant challenges ahead for this industry if growth is to be sustained; 
these include climate change impacts, environmental pollution, and resource over-
exploitation (De Silva and Davy, 2010). 
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1.1.2 Predicted global impacts of climate change and consequences for 
farming of aquatic species 
There is growing concern about climate change impacts worldwide (Mieszkowska et al., 
2009; Philippart et al., 2011; Root et al., 2013). Future sustainability is considered by 
many scientists to be under significant threat given that climate change impacts are 
likely to increase over the next few decades (IPCC, 2007). In particular, fisheries 
scientists have suggested that there are likely to be direct and indirect impacts from 
climate change on both wild fish resources and fish farming. Direct effects of climate 
change for the aquaculture sector will include impacts on the physiology of target 
species, behaviour, growth rates, development, mortality rates and changes to natural 
distributions, while indirect impacts are likely to include reductions in fish production, 
loss of ecosystems and a variety of negative consequences for those individuals with 
livelihoods dependent on fisheries and fish culture (Brander, 2007).  
 
One of the major predicted outcomes of global warming will be rising sea levels. In 
association with increasing sea levels over coming decades, are predicted seawater 
(SW) incursions into freshwater (FW) systems leading to increased salinity levels in 
many rivers and that will impact FW ecosystems as a consequence. The Mekong River 
Delta (MRD) (figure 1), a low topographic region in the south of Vietnam, is an area of 
40,548 km2 comprising 13 provinces that is home to more than 17.3 million people 
(GSO, 2013). The MRD is a relatively flat, low topographical area that possesses  a  
huge expansive network  of  rivers  and  channels (Sebesvari et al., 2011). Potential 
negative impacts of sea level rise on the MRD region that have consequences for 
agriculture production have been identified for some time (Wassmann et al., 2004). In a 
review by the IPCC (2007), the effect of climate change and predicted associated sea 
level rises, will result in saline water intrusion inland in the Mekong delta and this has 
been identified as a major issue for the region.  
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Figure 1. Map of the Mekong River Delta showing major river systems and low 
topographical features. 
 
These predicted changes are likely to have massive impacts on local human populations 
and affect sustainability across the region. In general, any change in water variables 
(e.g. baseline salinity, temperature, pH, metal concentrations, dissolved oxygen) can 
bring significant change to ecological and biological factors that impact farmed aquatic 
species (Badjeck et al., 2010). Pörtner et al. (2001) reviewed a number of different 
climate change scenarios and predicted how they are likely to affect individual growth 
rates and growth performance of aquatic species. In summary, it is increasingly obvious 
that, aquaculture, especially culture of FW species in the MRD, will face a significant 
threat from predicted climate change impacts. Developing a better understanding 
therefore, of how FW fish, crustaceans and molluscs respond to changes in background 
salinity will be crucial to developing appropriate responses to predicted salinity rise 
across the region. 
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1.2 BASIC TELEOST PHYSIOLOGY 
Environments for aquatic species including fish are influenced by a variety of external 
factors that include salinity, ion composition, dissolved oxygen levels, temperature and 
pH among others. In most cases, changes in ionic and osmotic composition of 
environmental water can have a critical impact on both growth and survival of fish 
(Pritchard, 2003).  For both SW and FW fish, the crucial problem they face relates to 
balancing their body fluids with the external environment. Depending on their relative 
ability to adapt to a range of salinities, fish can be classified as either stenohaline 
(limited ability, can only handle narrow fluctuations in environmental salt 
concentration) or euryhaline (exhibit extensive tolerance to salinity changes). Moreover, 
stenohaline and euryhaline fish can be further classified into two groups: where 
depending on their response they are referred to as osmoconformers or osmoregulators 
depending on how they regulate their internal osmolarity. Osmolarity of 
osmoconformers matches the external environmental concentration, while 
osmoregulators can vary osmolarity greatly with the environment. Evolution and 
adaptation overtime in some teleost fish has resulted in advanced ion/osmoregulatory 
mechanisms to achieve homeostasis, that allows some species to tolerate a wide range 
of different salinity conditions (Hwang and Lee, 2007) 
 
In natural environments, marine fish species maintain an internal osmotic pressure that 
ranges from 300 – 400 mOsm and will experience a passive gain of ions and loss of 
water overtime. In response, individuals tend to drink large amounts of seawater in 
order to balance their body fluids, absorb water to balance their internal homeostatic 
environment, while excess salt is actively secreted via their gills or kidneys. Currently, 
the mechanisms for NaCl secretion by SW fish are much better understood than those 
for NaCl absorption by freshwater FW fish (Hwang and Lee, 2007) .  
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Figure 2. Schematic describing osmoregulation physiology of seawater fish (Evans and 
Claiborne, 2006) 
 
In contrast, FW fish do not drink very much water. Unlike SW fish, FW fish suffer 
diffusive loss of major ions including Na+ and Cl- to their environment, while 
potentially gaining vast amounts of osmotic water. To counteract this problem, FW fish 
replace ion loss via their gills or via their dietary intake, while producing large volumes 
of dilute urine from their kidneys to balance their cellular water budget (Evans and 
Claiborne, 2006; Hwang and Lee, 2007). Even though studies of FW fish gill Na+/Cl− 
uptake mechanisms have increased, mechanisms of regulation are still poorly 
understood compared with those involved with NaCl secretion (Hwang and Lee, 2007).  
 
Figure 3. Schematic describing osmoregulation physiology of freshwater fish (Evans 
and Claiborne, 2006) 
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1.3 ACCLIMATION OF FRESHWATER FISH DURING SALINITY 
ELEVATION 
In general, fish osmoregulatory organs do not work in an “isolated system” but each is 
part of an integrated larger system that work synergistically to maintain an individual’s 
osmotic balance. Fish can adjust their behaviour instinctively and this involves 
metabolic pathways and secretion of hormones to address potential osmotic challenges 
from their external environment. According to Guo (1997), to overcome osmotic 
difficulties, fish adopt specific strategies to cope with changes in their external physical 
environment, that include but are not limited to; 
 
i. Reduction of osmotic gradient between body fluids and the environment. 
Osmotic differences between body fluids and the external environment can be 
minimized via modification of blood osmolarity in fish. Osmotic acclimation is 
known to induce changes in plasma levels of metabolites including glucose, lactate, 
triglycerides and/or proteins (Sangiao-Alvarellos et al., 2003). Increased plasma 
glucose levels have been observed during acclimation from FW or brackish water 
(BW) to SW or hypersaline water (HSW) in several species of fish including 
gilthead sea bream (Sparus aurata) (Sangiao-Alvarellos et al., 2005), rainbow trout 
(Oncorhynchus mykiss) (Morgan and Iwama, 1991), cut-throat trout (Oncorhynchus 
clarki) (Morgan and Iwama, 1996), Mozambique tilapia (Oreochromis 
mossambicus) (Morgan et al., 1997; Nakano et al., 1998) and carp 
(Ctenopharyngodon idella) (Boeck et al., 2000; Yavuzcan-Yıldız and Kırkavgaç-
Uzbilek, 2001). The boosting effects of glucose and other metabolites on peripheral 
tissues to solve the high demand for energy during osmotic acclimation however, has 
not been widely understood. When euryhaline fish living in SW are acclimated to 
BW or FW, both decreases (as seen in red sea bream (Woo and Murat, 1981) or 
increases (as seen in tilapia (O. mossambicus) (Assem and Hanke, 1979)) and silver 
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seabream (Pagrus auratus) (Kelly and Woo, 1999), in plasma glucose levels have 
been reported. 
 
ii. Alteration in body surface permeability. Osmotic permeability coefficient 
(Pos) is a term used to measure the net rate of water gain by the whole animal or 
isolated gill in the presence of a transmural osmotic gradient. This term represents 
the rate of water intake that must be balanced by fluid extraction to reach an 
osmotic steady state. Changes in permeability enable some teleost fish to adapt to 
osmotically unfavourable conditions. 
 
 
iii. Adjustment in active transport of ions. In order to cope with the new 
environment, fish tend to increase their metabolic rate via an array of molecular 
responses that involve various hormones, ion protein pumps and enzymes that are 
secreted during salinity fluctuation. Under a hyper or hypo osmotic challenge, fish 
will face different osmotic loss scenarios. Individuals then have to increase their 
ion secretion or absorption rate by activating cells to pump ions in, or out of the 
body depending on the conditions experienced. 
 
iv. Alteration in urine flow rate and/or composition. The kidney can respond 
by producing a large amount of urine with a high ion concentration including Mg2+ 
or SO42- to compensate for external osmotic pressure (Marshall, 2006). A study of 
Australian bass proposed that this species could potentially alter their glomerular 
filtration rate by controlling blood flow through their kidney when acclimating to 
different salinities (Guo, 1997). 
 
THE GILL 
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Many studies have suggested that ion balance in fish is regulated mainly by the gills, as 
they function as an ion absorption site in FW and an ion secretion site under SW 
conditions (Foskett et al., 1981). Fish actively maximize their gill surface area in contact 
with environmental water (which leads to increased oxygen extraction from the 
surrounding water), in addition to minimizing the diffusion distance for ion/gas 
exchange between the bloodstream and the external water. For many reasons therefore, 
the unique functions of the gill have attracted the interest of researchers over recent 
decades. Many studies have demonstrated that an increase in salinity is usually 
accompanied by changes in ionocyte location (filament and/or lamellae), number and/or 
size (Evans et al., 2005). The major cell types present in FW gill epithelia include; 
pavement cells, respiratory cells, monocytes and mitochondria-rich cells. In particular, 
mitochondria-rich cells (MR cell or chlorine cells) are specialized ionocytes that 
constitute the main cells responsible for active transport of ions across the fish gill (Hiroi 
et al., 2005; Hwang and Lee, 2007; Inokuchi et al., 2008). To date, three types of 
mitochondria-rich cells have been identified that include; normal chloride cells, 
accessory cells and dark chloride cells. Only normal chloride cells and accessory cells 
however, are believed to be activated during salinity acclimation.  
 
When FW fish encounter elevated salinity levels, the critical response is to secrete salt 
(secretion of Na+ and Cl-) out of the body, while they absorb water to balance the 
osmotic pressure between internal and external environments. Under the currently 
accepted model of MR cells in the gill of SW-adapted fish, salt secretion is believed to 
be mediated by 3 major ion transporters; Na+/K+-ATPase (NKA), 
Na+/K+/2Cl−cotransporter (NKCC), and the cystic fibrosis transmembrane conductance 
regulator (CFTR) channel. 
 
Of the three major ion-transporters that contribute to Na+ and Cl- secretion from the gill 
during seawater adaptation in teleosts, the role of NKA is to move sodium ions out of the 
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cell, and then to pump potassium ions back in. This results in an ionic gradient inside the 
MR cell that produces a negative charge reducing Na+ levels. Following this, NKKC 
uses the same gradient to bring Cl- into the cell. Finally, CFTR takes over and directly 
transfers the remaining Cl- out of the cell via an apical chloride channel. Mackie et al. 
(2007) have suggested that NKA, NKCC and CFTR are all up regulated following 
seawater exposure, though individual responses vary between species and under 
different experimental conditions. 
 
KIDNEY AND URINARY BLADDER 
Most freshwater fish have two relatively large kidneys that have evolved to process large 
amounts of dilute urine and to recover important salts. Together with the gill, the kidney 
is another important osmoregulatory organ in teleost fish that plays a crucial role in 
secretion of ions and elimination of water in SW environments (Yan et al., 2013). 
During SW acclimation, the kidney undergoes many changes in morphology, metabolic 
pathways and urine production (Soengas et al., 2007). By continuously drinking water, 
teleost fish are constantly replacing the water that is lost inevitably by osmosis to the 
external environment. This can lead however, to an excess intake of salts that can reach 
harmful concentrations (particularly divalent ions including Mg2+, Ca2+). This problem is 
addressed by the teleost kidney that maintains water capacity and actively excretes salts 
to produce concentrated urine. It is believed that inside the kidney, a process of 
reabsorption of water occurs and this process is made possible by increasing the 
penetration rate of the glomerular capillaries (Knepper, 1997). Moreover, many studies 
have identified that freshwater species tend to reduce their urine flow in raised salinity 
environments (Salati et al., 2011). In the mammalian kidney, water reabsorption mostly 
occurs in the Loop of Henle and the ion composition of the urine is further concentrated 
inside the collecting duct. Depending on the species however, the process of kidney ion 
secretion can vary greatly (Beyenbach, 2004). 
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Our general understanding of fish kidney function however, is still quite limited. Some 
studies have hypothesised, that certain ions including Mg2+ and SO42- are extracted in the 
kidney (Nishimura and Imai, 1982) and SO42- has also been shown to be extruded from 
kidney cells into the tubule lumen in exchange for HCO3- (Beyenbach, 2004). It is also 
known that renal output in teleosts often contains a very high concentration of Mg2+. 
This can be explained by reabsorption of Na+, Cl- and water in the distal nephron 
(Beyenbach, 2004). 
 
INTESTINE (GASTRO‐INTESTINAL TRACT) 
Recent studies that have reviewed functions of the gastro-intestinal tract (GIT) have 
suggested that this organ also plays a major role in regulating water and electrolyte status 
in teleost fish. When highly dehydrated, teleost fish will drink the surrounding water and 
use GIT as an organ to reabsorb water to balance osmotic loss. The first demonstration 
of the fish drinking reflex was reported in the early 1930s and indicated that fish can 
compensate for their osmotic conditions by continuous drinking of surrounding water 
(Evans, 2008; Smith, 1930). This appears to be a key component of their osmoregulatory 
strategy to compensate for high amounts of salt in their environment while achieving 
balanced water net. Specifically, ingested SW is desalted in the eosophagus (active 
absorption of Na+ and CL-), and then fish take advantage of the osmotic gradient 
between body fluids and the intestine, to reabsorb water to balance the massive 
dehydration effects of the external environment. (Karasov and Hume, 2010; Skadhauge, 
1969). The fish intestine also actively secretes HCO3- into the lumen in exchange for Cl- 
and an elevated concentration of HCO3- is believed to precipitate divalent Mg2+ and 
Ca2+ions. The trapping mechanism for divalent ions makes them unable to be absorbed 
as well as reducing intestinal fluid osmolality. Precipitated ions can then be cleared 
subsequently, in the urine during excretion. To date however, only limited information is 
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available about this organ and its functional role in osmoregulation (Soengas et al., 
2007). 
 
Smith et al. (1930) demonstrated that eels (A. anguilla) acclimated to SW showed 
higher drinking rates compared with individuals in FW. The authors proposed that water 
absorption must occur in the intestine, assisted by an osmotic gradient generated by 
uptake of monovalent ions (Smith, 1930).  Moreover, this pattern has been confirmed in 
salmonids (Nielsen et al., 1999). Ion transporters related to intestinal osmoregulation 
have been a subject of long investigation in teleosts, they include NKA, Na+/H+ 
exchanger (NHEs), carbonic anhydrase (CA), V-type H+-ATPase (V-ATPase), FXYDs 
protein, claudins, Aquaporins (AQP), Na+/K+/2Cl−cotransporter (NKCC) and a set of 
ionic exchangers (SLC26A6 family) (Grosell, 2011; Sundell and Sundh, 2012).  
 
As elevated salinity in the external environment dehydrates a teleost fish, individuals 
tend to drink more environmental water and to absorb FW across their membranes with 
the help of an osmotic gradient generated by ion absorption, after which they eliminate 
any excess salt (Kurita et al., 2008). Absorbed ions (mainly Na+ and Cl-) can be secreted 
through the gill following transport in the bloodstream. In parallel, unrequired divalent 
cations (Mg2+ and Ca2+) are concentrated to high levels as water absorption proceeds 
and finally they are excreted with the rectal fluid via precipitation with bicarbonate 
secreted into the intestinal lumen (Mekuchi et al., 2010; Shehadeh and Gordon, 1969; 
Wilson and Grosell, 2003). In parallel, precipitation is hypothesized to play a role in 
water reabsorption mechanisms by reducing the osmolality of intestinal fluids (Wilson 
and Grosell, 2003). In teleosts, water reabsorption in the intestine can be transcellular 
(through enterocytes - or intestinal absorptive cells, and then pass through the apical and 
basolateral membrane of the cell) or paracellular (via tight-junctions).  
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The water absorption pathway in teleosts depends on paracellular permeability via tight 
junctions (TJs). TJs are charged selective pores that control the movement of 
charged/non-charged solute. Three different proteins can be found on the TJ, occludins, 
claudins and junction-associated membrane protein. Total number of TJ strands has 
been suggested to be correlated with membrane permeability in teleosts (Van Itallie et 
al., 2008) and TJs have been shown to act as a gateway that allow movement of 
molecules over time by breaking apart or joining together. This mechanism is controlled 
by claudins and occludin that generate selective permeability of different molecules 
(Sundell and Sundh, 2012).  
 
It is interesting to note however, that in salmonids during smoltification, paracellular 
permeability decreases in combination with an increase in transcellular activity. This 
suggests a redirection of the water transfer mechanism from a paracellular route under 
FW conditions to a transcellular route in SW (Sundell and Sundh, 2012). The 
transcellular water absorption process is believed to be driven by a gradient of solute 
created by the modulation of sodium ions. Briefly, Na+ and Cl- enter the cell by either 
NKCC or NCC (Na+ – Cl- cotransporter) (Grosell, 2011; Watanabe et al., 2011), and 
absorbed Na+ can then be excreted via a sodium pump (e.g. NKA). Na+ absorption 
creates a gradient that allows water to diffuse in and complete reabsorption of water 
occurs by fish drinking external water. Excess divalent ions can then be cleared by renal 
excretion as is evidenced by high Mg2+ concentration in the urine (McDonald and 
Grosell, 2006).  It is also debated whether the NHE family plays a role in intestinal 
water reabsorption, as NHE pumps Na+ continuously into enterocytes (the same role as 
NKCC or NCC). This hypothesis has been challenged however, by recognition that 
NHE may act as a Na+ importer, an H+ regulator (acid-base balancing) or may play a 
role in both processes. Recently, a Na+, HCO3- co transporter (referred to as NBC1) that 
allows uptake of Na+ and HCO3- has also been identified (Kurita et al., 2008). While the 
major mechanisms of ion transport have been identified recently in teleost fish, the 
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route of water flow remains under debate and further investigation will be required to 
establish conclusive evidence for a water reabsorption pathway (Sundell and Sundh, 
2012). It is also believed that the lipid bilayer in the transcellular water absorption 
pathway may play a significant role, since transfer of masu salmon (Oncorhynchus 
masou), sturgeon (Acipenser naccarii) and rainbow trout (Salmo gairdneri R.) from FW 
to SW resulted in an increase in n-3 polyunsaturated fatty acids (Leray et al., 1984; Li 
and Yamada, 1992; Martínez-Alvarez et al., 2005). The authors argued that an increase 
in n-3 polyunsaturated fatty acids may increase transmembrane permeability. In 
addition, the water reabsorption process in the intestine is also believed to be associated 
with activation of many Aquaporin isoforms (Borgnia et al., 1999; Cutler et al., 2007; 
Madsen et al., 2011).  
 
1.4 TRANSCRIPTOMIC STUDIES OF NON-MODEL SPECIES 
As modern genetics has developed over recent decades, new technologies including 
applied genomics and transcriptomics have allowed scientists to modify certain 
production traits in many livestock species, plants and a limited number of farmed 
aquatic species, impacting both stock quality and productivity (McAndrew and Napier, 
2011). Modern genomic technologies allow researchers to understand often complex 
quantitative production traits via gene-expression studies. In this respect, traits like 
salinity tolerance, when shown to have at least a partial genetic basis, can be explored at 
the molecular level. In particular, this approach can allow discovery of important genes 
and functional mutations that influence individual variation in these traits in target 
species. 
 
Availability of a complete draft genome sequence for a target species can significantly 
enhance outcomes and can be applied to improve stock productivity and quality. 
Currently, complete genome sequences are available, or are nearly available, for most 
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major livestock species including cattle, swine, chicken, and horse (Liu, 2011). 
Aquaculture is however, an emerging food production industry and has largely yet to 
benefit from widespread applications of genetic and genomic technologies for stock 
improvement. Currently, according to Liu (2011), genome sequencing projects are 
underway for only a few farmed aquatic species including; tilapia (Guyon et al., 2012; 
Lee et al., 2010; Lee et al., 2005), Atlantic salmon (S. salar) (Davidson et al., 2010), 
channel catfish (I. punctatus) (Wang et al., 2010). Given however, that already currently 
more than two hundred aquatic species are farmed worldwide and many new ones are 
being trialed or developed, much work will be required in this area (Liu, 2011). 
 
In spite of advances in genome sequencing using NGS platforms, whole genome 
sequencing of any target species remains both costly and time-consuming. While the 
genome of a specific organism is relatively stable, in contrast the transcriptome (a small 
portion of the whole genome – that is transcribed into RNA molecules) is a dynamic set 
of expressed genes that will change depending on an organism’s physiological 
conditions and can be influenced by effects of the external environment. Recently, new 
markers referred to as expressed sequence tags (EST) were developed in coding gene 
sequences and soon became the primary approach for characterizing transcriptomes. 
ESTs are small DNA sequences that can serve as a “tag” for characterizing functional 
genes matched to existing sequence databases. EST sequencing only deals with a small-
transcribed portion of the genome of a target species, while skipping all the non-coding 
regions of the genome. EST resources are also useful for development of cDNA 
microarrays to identify functional genes and for analysing gene expression patterns. An 
EST approach allows researchers to greatly reduce the time required to locate a specific 
functional gene. In addition, EST analysis is also an effective approach for identifying 
polymorphic DNA markers including microsatellites and SNPs for various applications. 
The largest EST database, dbEST is a sub-division of the GenBank database that 
contains sequence data and other information on "single-pass" cDNA sequences, from a 
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large number of organisms. Currently, more than 74 million EST entries are available on 
the dbEST database. As an example, currently more than 1.5 million ESTs have been 
recorded for zebrafish (a model teleost species) in NCBI (accessed April 2015). This 
number however, is much lower than the number of ESTs available for humans (> 8 
million) and that reported for mice (~ 4.8 million), but similar to the number of ESTs 
available for cattle (~ 1.5 million) and pigs (~ 1.6 million). Currently, EST resources 
available for common aquaculture species on NCBI, include: 528,294 for salmon (S. 
salar); 290,406 for rainbow trout (O. mykiss); and 357,053 for channel catfish (I. 
punctatus) (accessed April 2015). Recently, due to the expansion of next generation 
sequencing,A Sequence Read Archive (SRA) was developed 
(http://www.ncbi.nlm.nih.gov/Traces/sra/). SRA is a repository for storing huge amounts 
of biological data generated using high-throughput sequencing platforms. Currently, 
there are 6 archives available for P. hypophthalmus developed in a single project (Thanh 
et al., 2014) (accessed April 2015). A review of ESTs available in the NCBI EST and 
SRA database shows that currently, only a very limited number of genomics have been 
recorded for the target species in the current study. 
 
When first developed, transcriptome analysis required cloning techniques followed by 
Sanger sequencing. Following this development, hybridization-based approaches (i.e 
microarrays) were deployed to identify differences in gene expression patterns between 
challenged and control fish. Limitations associated with a microarray based approach for 
gene expression analysis however were recognised subsequently: 1) preparation of a 
microarray requires characterisation of specific genome sequences from target species 
for chip design (a requirement that greatly limits microarray experiments on non-model 
species); 2) background noise during analysis and 3) low sensitivity associated with very 
low/highly expressed genes. More recently, new techniques including SAGE (serial 
analysis of gene expression) and MPSS (massive parallel signature sequence) 
technologies were developed that are tag-based short sequence read approaches and have 
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been used for the same purpose. These techniques were able at least to address the 
sensitivity problems associated with a microarray approach. Recently however, major 
advances in sequencing technology occurred leading to the post genomics era, where 
introduction of 2nd generation pyrosequencers capable of generating (hundreds of) 
millions of DNA sequence reads in a single run at relatively low cost and at high speed 
have changed the field radically. These technologies have revolutionised both genomics 
as well as transcriptomic studies.  
 
1.5 NEXT GENERATION SEQUENCING APPLICATIONS IN NON-
MODEL AQUATIC SPECIES  
DNA sequencing technologies have developed significantly in both output power and 
depth of reads  (Glenn, 2011). Since the invention of the Sanger sequencing technology 
in 1977 (1st generation sequencing), there has been rapid development of many new 
platforms and technologies. Nowadays, high-throughput (or ‘next generation’) 
sequencing technologies (referred to as NGS) have delivered a quantum change in our 
ability to sequence genomes/transcriptomes. NGS technology is much more advanced in 
comparison with the Sanger sequencing method because it allows massive parallel 
analysis and high throughput at relatively low cost (Liu et al., 2012). Currently, many 
NGS systems are available, each based on a different technology. These include the 
SOLiD™/Ion Torrent PGM™/Ion Proton™ from Life Technologies, Genome 
Analyzer™/HiSeq 2000™/MiSeq™/NextSeq™ from Illumina, and GS FLX 
Titanium™/GS Junior™ from Roche. In the near future, emerging technologies (3rd 
generation sequencing) include the Oxford Nanopore and NobleGen Bioscience – that 
are still in the prototype phase and are likely to further increase yield rate, lower 
sequence error rates and reduce the time required for individual runs (Eisenstein, 2012). 
New sequencing technologies have pushed genetic industries toward the ultimate goal of 
USD $1000 per complete human genome (Martinez and Nelson, 2010). 
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To date, experimental analysis using NGS platforms have been applied to only a 
relatively small number of aquatic species, including giant freshwater prawns 
(Macrobrachium rosenbergii) (Jung et al., 2011; Mohd-Shamsudin et al., 2013), Pacific 
white shrimp (Litopenaeus vannamei) (Li et al., 2012), common carp (Cyprinus carpio) 
(Ji et al., 2012), alewife (Alosa pseudoharengus) (Czesny et al., 2012),  Fujian oyster 
(Crassostrea angulata) (Qin et al., 2012) and Chinese mitten crab (Eriocheir sinensis) 
(He et al., 2013)… Recent development of the “personal-sized-sequencer” (bench-top 
sequencers) for example; Life Technologies Ion Torrent PGM/Ion Proton or Illumina 
MiSeq have unlocked huge potential for smaller laboratories to conduct transcriptomic 
analyses of target species at relatively low cost.  
 
1.6 GENE EXPRESSION STUDIES OF SALINITY TOLERANCE TRAITS 
IN AQUATIC SPECIES 
Physiological changes are driven by regulation of gene expression that can be analysed 
and characterized using a variety techniques described above. It is now possible in 
theory, to explain using gene expression analysis, the way organisms respond to 
fluctuations in their external environment at the molecular level. Basically, life itself is a 
chain reaction with stimuli being detected by individuals that potentially generate a 
response. Behind these reactions however, there will be molecular factors driving the 
response. Genes can be viewed as the powerhouses that control how an individual 
responds to cope with new environmental conditions and gene expression can be 
considered to be the switches that control individual responses. Thus understanding how 
an individual responds to changes in external salinity involves searching for genes that 
are turned on or off or that are up or down regulated during external salinity change.  
 
Over the last decade, many approaches had been conducted to understand the 
mechanisms behind salinity adaptation. Various approaches include; quantitative trait 
locus (QTL) analysis, generation of suppression subtractive hybridization (SSH) 
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libraries, high-throughput transcriptomic and proteomic approaches, microarray 
technology and RNA-seq analysis. QTL analyses of genomic regions in Arctic char 
(Salvelinus alpinus) investigated the genetic capacity of individuals with specific allelic 
variation at the ATP1α1b locus (the gene known to code for the NKA protein pump) as 
well as the effect of IGF-2 on salinity tolerance (Norman et al., 2011). Several QTLs for 
salt tolerance were identified in this study including for; NKA activity, blood plasma 
osmolality, NKCC, CFTR and claudin 10 isoforms (Norman et al., 2011). In parallel, a 
comparative mapping approach was used to investigate genes associated with salinity 
tolerance in three different salmonid species; Atlantic salmon (S. salar), Arctic charr 
(Salvelinus alpinus) and rainbow trout (O. mykiss) and yielded information about where 
critical genes are located in the salmonid genome (Norman et al., 2012).  
 
Another approach, used SSH libraries from partial cDNA sequences that coded for 
genes that were up or down regulated during hypo-osmotic challenge in sea bass 
(Dicentrarchus labrax) (Boutet et al., 2006). A combination of functional genomic and 
proteomic approaches including SSH, rapid amplification of cDNA end and mass 
spectrometry-driven proteomics were also used to identify genes and proteins that 
contributed to salinity adaptation in certain fish taxa (Kültz et al., 2007).  
 
More recently, microarray platforms have become a powerful tool for analysing 
differential gene expression patterns related to salinity acclimation in fish. This 
technology was used to investigate the transcriptome from European eel (Anguilla 
anguilla) transferred from FW to SW conditions. The study identified 229 discrete 
cDNA sequences of which only 95 were known at the time the study was conducted. 
Using the same technique, examination of the transcriptomic time-course of hyper- and 
hypo-osmotic stress signalling events in the euryhaline longjaw mudsucker (Gillichthys 
mirabilis) annotated 168 gene transcripts that were expressed during osmotic stress 
exposure (Evans and Somero, 2008). A similar approach has been used to investigate 
 Chapter 1: General introduction 19 
responses to salinity stress in two blue mussel strains; Mytilus galloprovincialis and M. 
trossulus (Lockwood and Somero, 2011), a copepod (Lepeophtheirus salmonis) 
(Sutherland et al., 2012), giant freshwater prawn (Macrobrachium rosenbergii) 
(Barman et al., 2012), and larvae of the salmon louse (Lepeophtheirus salmonis) 
(Sutherland et al., 2012).  
 
Recent development of NGS capacity (in particular development of RNA-seq 
technology) has allowed detection of genes that are turned on/off and that are up or 
down regulated under different salinity conditions. Most recently, an RNA-seq 
approach was used to characterise a variety of genes that were up or down regulated 
during low salinity exposure in the marine oyster Crassostrea gigas (Zhao et al., 2012).  
Deep sequencing of transcriptome data combined with proteomic analysis of Japanese 
eel (Anguilla japonica) during short-term hyperosmotic stress yielded over 100 proteins 
that were differentially expressed (Tse et al., 2013). In fish, an analysis of stress 
response in the intestine of Asian seabass (Lates calcarifer) also yielded massive 
amounts of data using RNA-seq technology (Xia et al., 2013). Recently, a combined 
approach employing RNA-seq and RT-PCR was used to characterised genes involved in 
salinity tolerance in black-chinned tilapia Sarotherodon melanotheron heudelotii 
(Avarre et al., 2014). A comprehensive review of applications that have used next 
generation sequencing (in specific, RNA-seq) on aquatic species can be found 
elsewhere (Qian et al., 2014).  So to summarise, new genomic technologies have 
yielded massive amounts of data about the mechanisms behind a variety of molecular 
responses of teleost fish during salinity acclimation. 
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1.7 TARGET SPECIES OF THE CURRENT STUDY – TRA CATFISH (P. 
HYPOPHTHALMUS) 
1.7.1 Taxonomic status 
Striped catfish (Pangasianodon hypophthalmus) locally known as Tra catfish, is one of 
approximately 30 teleost species in the Family Pangasiidae. Historically, a variety of 
formal taxonomic names have been used to describe Tra catfish including; 
Helicophagus hypophthalmus (Sauvage, 1878), Pangasianodon hypophthalmus 
(Sauvage, 1878), Pangasius hypophthalmus (Sauvage, 1878), Pangasius pangasius 
(non Hamilton, 1822), Pangasius pleurotaenia (non Sauvage, 1878) and Pangasius 
sutchi (Fowler, 1937; (Thường, 2008). 
 
The current accepted name, Pangasianodon hypophthalmus, was first used by Rainboth 
in 1996 (Thường, 2008). 
 
1.7.2 Biological characteristics 
 Catfish (Order Siluriformes) are a diverse group of ray-finned fishes represented by 
more than 3000 species, defined currently into 478 genera and 36 families (Ferraris, 
1999). They form one of the most important groups of farmed aquatic species 
worldwide. A number of Siluriformes catfish  species  are  used  in  aquaculture  around 
the world including  channel  catfish  (Ictalurus  punctatus),  blue  catfish  (Ictalurus  
furcatus), walking  catfish  (Clarias  fuscus)  and  striped  catfish  (P. hypophthalmus). 
P. hypophthalmus referred to locally as Tra catfish in Vietnam, is a migratory, obligate 
freshwater teleost. Individuals reach maturity between two and four years of age, while 
maximum lifespan is believed to reach 20 years. Individuals are believed to migrate 
upstream in the Mekong River at the end of the flooding season (from October to 
February) and return to the main channel at the beginning of the rainy season (from 
June to August) (Phuong and Oanh, 2010). P. hypophthalmus is an omnivore and 
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consumes algae, plants, zooplankton, and insects, while larger specimens can take fruit, 
crustaceans and even small fish (Phuong and Oanh, 2010). 
 
Mature fish can reach a maximum standard total length of 130 cm and up to 44 kg in 
weight. This species is benthopelagic, typically living within a water pH range of 6.5 to 
7.5 and temperature range from 22 to 26°C(FAO, 2010-2012). Surprisingly, the general 
biological characteristics of this economically very important farmed species are still 
relatively poorly known with only limited studies having been conducted on its 
temperature, salinity, or pH, etc. tolerance ranges or other environmental factors that 
affect growth, reproduction and survival (Hung et al., 2003). Availability of this 
information will be highly relevant to predicting likely impacts of climate change on 
both wild and cultured stocks in South East Asia in the future.  
 
1.7.3 Economic importance of P. hypophthalmus 
Tra catfish is one of the major freshwater fish species harvested across the Mekong 
River Basin and this species provides one of the largest and most important inland 
fisheries in the world (FAO, 2010-2012). In Vietnam, commercial production of Tra 
catfish has increased dramatically over the past decade. Total production in 2010 
reached 1,141,000 tonnes and Tra product was exported to many countries with an 
estimated annual export income to Vietnam of USD$ 1.4 billion (De Silva and Phuong, 
2011). As a consequence of the growing importance of catfish as an export product, 
many sectors of Vietnamese society have participated in development of catfish farming 
in the south of the country. Vietnam is by far the world’s largest producer of P. 
hypophthalmus and was ranked third in the world for total aquaculture production with 
an annual average growth rate of 20.9% between 2000-2008  (FAO, 2010).  
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The catfish culture industry in Vietnam has grown rapidly since development of 
successful artificial propagation techniques for Tra catfish (Cacot et al., 2002). Over the 
last decade, farming of Tra catfish has expanded, and pond farming has become the 
dominant practice because this approach achieves the best growth rates, flesh quality, 
and hence increases value and international acceptability of the product (Phan et al., 
2009). To maintain the quality of farmed catfish product however, and to confirm Tra 
catfish’s place in the market, the Vietnamese government has recognised that research 
will need to focus on increasing growth rate, improving fillet yield & quality, improving 
disease resistance, and more recently on increasing salinity tolerance (due to predictions 
of climate change impacts in the Mekong Delta). In general, breed development via 
genetic improvement programs offers great potential to optimise production efficiency 
of farmed Tra catfish.  
 
1.7.4 Previous studies of P. hypophthalmus 
To date, significant research effort has been directed at enhancing growth performance 
of P. hypophthalmus under various environmental conditions (Güroy et al., 2013; P et 
al., 2011; Shinsuke et al., 2009; Slembrouck et al., 2009; Van Sang et al., 2007; 
Yukinori et al., 2010), increasing immune resistance of individuals against virulence 
factors (i.e Ewardsiella ictaluri – the cause of Enteric Septicaemia of Catfish) (Bartie et 
al., 2012; Crumlish et al., 2010; Dung et al., 2012; Thinh et al., 2009; Tu et al., 2008), 
exposure trials of fish to toxic environmental conditions (Danyi et al., 2011; Pierrard et 
al., 2012a; Pierrard et al., 2012b; Yamaguchi et al., 2007) and investigations of fish 
physiology and phylogenetic relationships (Giang et al., 2012; Lefevre et al., 2011a; 
Lefevre et al., 2011b; Lefevre et al., 2013; Prabjeet et al., 2011).  
 
To date, little attention has been paid to genetic improvement of farmed Tra catfish 
culture stocks. A recent study by Poen and Pornbanlualap (2013) documented genomic 
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and cDNA sequences for the growth hormone gene from P. hypophthalmus and 
discussed the process for sequencing expressed and purified forms of the recombinant 
protein and then analysed the folding of the protein. To date, however the only 
transcriptomic analysis of P. hypophthalmus that has investigated salinity tolerance in 
this species was a very recent study that exposed individuals to 9ppt salinity (Thanh et 
al., 2014).  
 
1.8 RESEARCH GOALS 
In the future it is recognised that there will be a need for Tra catfish culture strains that 
can tolerate raised salinity conditions as the areas of saline water-intruded land in the 
MRD in Vietnam expands as a consequence of predictions of climate change impacts on 
regional sea levels. The current study was designed to identity and characterise 
functional genes in Tra catfish related to the trait of interest (i.e. salinity tolerance) 
where the data can be applied to future breeding programs for this species in Vietnam. 
Culture lines with improved salinity tolerance can potentially be developed by 
integrating traditional breeding programs (selective breeding) with genetic markers 
related to the traits of interest (i.e. marker assisted selection). 
 
The aim of current study was to develop genomic data on candidate genes affecting 
salinity tolerance in Tra catfish via  comparison of  gene expression patterns obtained 
from analysis of two cDNA libraries (developed form FW and BW exposed individuals) 
collected from different organs to better understand transcriptomic regulation in P. 
hypophthalmus exposed to elevated salinity levels. RNA-seq technology was used to 
generate transcript catalogues of up- and down-regulated genes from Tra catfish 
exposed to different salinity conditions. In addition, gene regulation and expression 
patterns of specific candidate genes were assessed to further understand how Tra catfish 
acclimate to raised, sub-lethal osmotic environments. 
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Specific aims 
 Assemble a reference transcriptome dataset for P. hypophthalmus using RNA 
from multiple osmoregulatory tissues.  
 Annotate transcripts to provide a reliable resource of genomic data for Tra 
catfish. 
 Undertake differential gene expression analysis from selected tissues. 
 Develop a simple molecular model of how P. hypophthalmus potentially 
acclimates to raised salinity concentrations. 
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Chapter 2: Reference transcriptome 
generation and data analysis 
2.1 INTRODUCTION 
Recent technological developments in NGS technologies have created broad interest in 
genomics research. Analysis of transcript expression patterns requires mapping of raw 
reads to a reference genome and this is not an easy task since genome sequencing can be 
difficult and costly. Even today, full genome sequences are still only available for a 
limited number of common well-studied species; thus a large portion of genome 
reference sequences are not widely available for non-model species. Advances in 
technologies over recent years enable researchers now to target non-model species’ 
transcriptomic data using a novel approach that involves assembling the transcriptome 
de novo, without a requirement for a reference genome. The de novo assembly approach 
provides a rapid method for unlocking the massive potential for genomics analysis of 
novel species.  
 
Some problems however, still exist with this approach, at least when considering the 
software available currently for analysis of raw data. To generate the most 
comprehensive reference transcriptome for a new species it is important to increase 
continuity as well as assembly quality. In the current study therefore, a comparative de 
novo assembly was applied, and this was linked to a post assembly clustering process 
for our target organism. After generating the de novo assembled transcript, this large 
dataset was annotated automatically, then assigned gene ontology classifications that are 
available online (i.e. NCBI non-redundant database, SWISS-PROT, RefSeq) to provide 
the basic data required for later differential gene expression analysis.   
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In brief, this chapter reports on the first component of the current study; namely NGS 
sequencing of the Tra catfish (P. hypophthalmus) transcriptome and generation of a 
reference transcriptome for downstream analysis. Using a variety of bioinformatics 
software packages were used here, to create the most comprehensive de novo 
transcriptome available currently for the target species for later annotation and to 
analyse transcript functionality.  
 
2.2 MATERIALS AND METHODS 
2.2.1 Sample collection and RNA extraction 
P. hypophthalmus fingerlings ranging from 8-10 g/individual were reared under a raised 
salinity conditions (15ppt) and a control condition (0ppt) for an experimental period of 
eight weeks at the International University Biotechnology Laboratory Complex, Ho Chi 
Minh City, Vietnam.  Before RNA sampling, fish were euthanized with MS-222 (300 
mg/l), then individuals weighed and measured for body weight and length. Individuals 
with the best growth performance in each salinity treatment were chosen based on size 
and tissue samples taken from a variety of organs. Osmoregulatory tissues collected 
included: gill, intestine and kidney. These tissues were chosen because they are 
considered to be primary osmoregulatory organs in teleost fish. Tissue samples were 
preserved in RNAlater (Ambion) and stored at -80oC for later use. Samples were then 
transported to the Molecular Genetics Research Facility at the Queensland University of 
Technology Brisbane, Australia for RNA extraction, sequencing and downstream 
analysis. For each tissue type, samples from three different individuals were pooled 
together to create a master pool.  
 
In brief, tissues were first snap frozen and then homogenized in liquid nitrogen. 
TRIzol/Chloroform reagent (Invitrogen) was used to aid in extraction of total RNA. For 
each ground sample, 1000 ml of Trizol and 200 ml Chloroform were added to improve 
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RNA quality. Total RNA was further purified using an ISOLATE II RNA Mini Kit 
(Bioline). Total RNA quality was then checked using A260/280 ratios with a Beckman 
Coulter spectrophotometer, visualized through gel electrophoresis and finally on a 
Bioanalyzer 2100 (Agilent). All RNA had to be checked for purity, concentration as 
well as RNA integrity number (RIN). Samples with high RIN values (7-10) were 
chosen for cDNA library construction. Following this, mRNA from each tissue was 
isolated using a Dynabeads mRNA Purification Kit (Invitrogen) according to the 
manufacturer’s protocol. mRNA quality checking was performed using a Bioanalyzer 
2100 (Agilent). All total RNA and mRNA profile details are available in supplementary 
material (Appendix A4). 
 
2.2.2 cDNA library generation 
High quality, non-degraded mRNA purified from the three tissue types was then 
fragmented into 200-400 bp fragments using an Ion Total RNA-Seq kit (Life 
Technologies) and cleaned with RiboMinus Concentration Module (Invitrogen). All 
mRNA fragments were then converted to cDNA using the Ion Total RNA-Seq kit (Life 
Technologies) according to the manufacturer’s guidelines. In brief, the cDNA library 
for each tissue comprised a pool of cDNAs prepared from the three heaviest individuals 
raised at each salinity concentration. cDNA yields were quantified using a Qubit 2.0 
fluorometer (Invitrogen) and a Bioanalyzer 2100 (Agilent). Template preparation for 
sequencing was conducted according to the Ion OneTouchTM Template Kit (Life 
Technologies) using the Ion XpressTM template 200 sequencing protocol.  
 
2.2.3 cDNA sequencing using Ion Proton Next Generation Sequencer 
Resulting cDNA from successful amplification and ligation with adapters from each 
tissue library were then subjected to sequencing using P1 semiconductor chips and the 
Ion Proton Sequencing Kit (Life Technologies) according to the manufacturer’s 
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protocol at Queensland University of Technology Molecular Genetics Research Facility 
(MGRF). Samples from each tissue were barcoded for identification. Two P1 
semiconductor chips were used, each contained three cDNA libraries.  
 
2.2.4 Data filtering and quality control 
cDNA libraries from each tissue were sequenced using the Ion Proton sequencing 
platform. Following the sequencing step, adapter sequences as well as barcodes were 
removed using integrated Ion suite software (Life Technologies). All FASTQ files were 
exported, backed up, stored and subjected to further quality control. Raw reads were 
first checked for preliminary statistics and quality using FastQC software 
(http://www.bioinformatics.babraham.ac.uk/projects/fastqc/) and then filtered using the 
NGSQC-toolkit (Patel and Jain, 2012) applying the following parameters: trim low-
quality sequences (Q < 20), trim short length read (length < 25), trim ambiguous bases 
(Ns sequence) and removal of homopolymer sequences. All downstream analyses were 
based on clean data of high quality via the bioinformatics analysis pipeline illustrated in 
Figure 4.  
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Figure 4. Bioinformatics analysis used in the current study 
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2.2.5  De novo assembly of reference transcriptome 
In order to generate the highest quality reference transcriptome, we used three different 
de novo assemblers to generate a reference transcriptome, namely; Trinity (Grabherr et 
al., 2011; Schulz et al., 2012), Velvet/Oases (Schulz et al., 2012; Zerbino and Birney, 
2008) and SOAP de novo Trans (Xie et al., 2014). All quality controlled libraries were 
then merged, resulting in a single Fasta file that could be loaded on each de novo 
assembler. Briefly, Trinity was run using all default parameters with a k-mer of 25. 
Velvet was run using the multi k-mer approach from 55 to 103 with a k-mer step of 6. 
All assemblies from Velvet were then loaded into Oases for transcript assembly. Soap 
de novo Trans k-mer ranged from 43 to 97 with a k-mer increment of 6. All de novo 
assemblies were checked using the Perl script Count_fasta.pl retrieved from 
http://wiki.bioinformatics.ucdavis.edu/index.php/Count_fasta.pl. Assembly statistics 
were recorded and a comparative analysis between de novo assemblers was conducted. 
Scripts were used in the current study can be found in the supplementary material 
(Appendix A5) 
 
2.2.6 Post-assembly clustering 
The three independent assemblies were then merged and clustered to produce a final 
single reference transcriptome for further downstream analysis. We used tr2aacds 
software (Gilbert, 2013), an mRNA transcript assembly pipeline script for this task. 
This pipeline processed a large number of transcripts from all assemblies, classified 
them into clusters to remove redundancy and initiated final elongation of all transcripts. 
The pipeline algorithm is designed based on CD-HIT-EST for fragment removal and 
BLASTN algorithm to align exons in all transcript assemblies, and determine which 
transcripts belong to the same or different gene loci.   
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2.2.7 Reference transcriptome analysis 
The complete reference transcriptome was then scanned against three protein databases 
including the zebrafish RefSeq database, the manually curated Swiss-Prot database and 
the NCBI non-redundant database (nr) using the Blastx algorithm with E values set at 
1.0×10-6 using Queensland University of Technology High Performance Computing 
cluster. BLAST+ version 2.26 (command line version) was used for this process 
(Camacho et al., 2009). Output xml files were then processed for gene ontology 
discovery using the BLAST2GO suite (Conesa et al., 2005). All annotated transcripts 
were used to determine Eukaryotic Clusters of Orthologous and Groups of proteins 
(KOG) terms. Finally, Web Gene Ontology Annotation Plot (WEGO) software (Ye et 
al., 2006) was used  to characterize the distribution of gene functions from the generated 
reference transcriptome. 
 
2.3 RESULTS 
2.3.1 Ion Proton sequencing and quality control of raw reads 
In brief, Ion Proton cDNA sequencing was carried out on libraries constructed from 
three osmoregulatory tissues type that included gills, kidney and intestine. Results from 
Ion Proton sequencing produced six libraries that consisted of 174,902,133 raw reads 
with read lengths varying between 8 to 351 bp. This gave a total in excess of 37.8 GB of 
raw sequence data. FASTQ files of read data quality were assessed and are available in 
supplementary material (Appendix A3). We checked quality statistics including 
distribution of PHRED score, read length distribution, consistent GC content between 
tissue samples and N bases in each tissue library.  Only quality-trimmed reads were then 
used in all downstream analyses. Raw reads and post quality control statistics are 
summarized in table 1.  
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Table 1 Summary of raw reads from Ion Proton sequencing and quality control 
 
Tissue Gill Intestine Kidney 
Group 15ppt 0ppt 15ppt 0ppt 15ppt 0ppt 
Number of raw 
reads 30,867,840 26,322,161 23,973,359 23,132,580 31,343,807 30,592,625 
Read length (bp) 8-341 8-344 8-341 8-351 8-344 8-347 
% GC 50 48 49 49 49 48 
Number of reads 
after trimming 28,819,795 24,307,664 22,018,855 21,643,310 28,745,087 28,484,509 
Percentage of 
reads after 
trimming 
(%) 
93.46 92.35 91.85 93.56 91.70 93.11 
 
2.3.2 Comparative de novo assembly 
Of the three assemblers using in the current study, only Velvet/Oases and SOAP de 
novo allowed a multi k-mer approach to be deployed. Trinity, in contrast was locked to 
run specifically at k-mer 25, and generated 281,941 transcripts with an N50 of 578.  In 
contrast, Velvet/Oases and SOAP de novo software yielded different results by applying 
multiple k-mer steps. Velvet/Oases appeared to provide the best N50 and average length 
for k-mer step 55, 61 and 73 (figure 5), very poor assembly statistics were also noticed 
with k-mer steps larger than 97, which were discarded. While SOAP de novo Trans 
generated good assembly at k-mer 43 and above 67 (figure 6). Of interest, we observed 
that as the k-mer step increased, fewer reads were used for the assembly, resulting in a 
situation where good transcript continuity was available but the total base pair number 
in transcripts generated decreased dramatically.  
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Figure 5. Velvet/Oases assembly statistics 
 
 
Figure 6. SOAP de novo Trans assembly statistics 
 
Post assembly processing including combining and clustering transcripts was initiated 
immediately after we recovered all fasta files from the three assemblers. All assemblies 
were concatenated and renamed to avoid duplicates. After loading all assemblies into 
the tr2accds pipeline, the final transcriptome reference sequence consisted of 60,585 
non-redundant transcripts with an N50 transcript length of 638 and an average transcript 
length of 555 bp. In total, our reference transcriptome included more than 33 million 
base pairs (33Mbp). Moreover, we recorded 5,819 transcripts that were greater than 
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1,000 bp in length; the distribution of transcript length is presented in figure 7. A brief 
summary of transcripts assembly statistics are provided in table 2. 
 
Figure 7. Transcripts length distribution after tr2accds pipeline.  
The x-axis represents the sequence length in base pairs. The y-axis represents the 
number of transcripts relative to the sequence length. 
 
Table 2. Summary of de novo assembly results for Ion Proton data in (P. 
hypophthalmus) after the tr2accd pipeline 
 
Number of transcripts 60,585 
Total bases in transcripts 33,686,013 
Number of large transcripts (>1,000bp) 5,819 
N50 (bp) 638 
Longest transcript size (bp) 18,156 
Average transcript length (bp) 555 
 
0
5000
10000
15000
20000
25000
30000
N
um
be
r o
f se
qu
en
ce
s
Sequence length
 Chapter 2:  35 
2.3.3 Gene identification and annotation 
Gene identification was conducted using the BLASTX algorithm. After gene 
annotation, 37,965 transcripts showed significant BLAST hits against 15,178 unique 
zebrafish genes. The highest number of matches was with the NCBI nr database with 
39,332 transcripts associated with 21,321 unigenes. The Swiss-Prot database resulted in 
a lower number of matches, this is normal since the Swiss-Prot database is manually 
curated and does not contain any predicted protein sequences. A summary of gene blast 
statistics is presented in table 3. 
 
 
Table 3. Summary of gene identification of assembled (P.hypophthalmus) transcripts 
 
 Zebrafish RefSeq Swiss-Prot NCBI nr 
Transcripts with 
gene match 
37,965 33,757 39,332 
Unigene match 15,178 18,911 21,321 
Hypothetical gene 636 0 445 
 
Top-Hit species distribution matched against the nr protein database included; zebrafish 
Danio rerio (52.01%), a model teleost species that has been studied extensively over 
the last decade, Nile tilapia Oreochromis niloticus (4.96%), channel catfish Ictaulurus 
punctatus (3.20%), platyfish Xiphophorus maculatus (3.12%), medaka Oryzias latipes 
(2.60%) and other species (15.99%) (Figure 8). 
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Figure 8. Top-hit species distribution from BlastX 
 
Using BLAST2GO, all transcripts were matched automatically with previously known 
sequences in the online database and assigned a GO number that corresponded with 
gene function (see figure 9).  Out of 60,585 transcripts, where 27,988 transcripts 
(46.19%) were fully annotated, 6,197 transcripts (10.22%) showed a blast result while 
5,147 transcripts (10.22%) showed both blast and mapping results. 21,253 transcripts 
(35.07%) resulted in no blast-hits in the protein sequence database. These transcripts 
could potentially be novel proteins that have no similar sequence in the database or 
potentially non-coding RNAs not reported previously. Further characterisation of the 
reference transcriptome including WEGO and KOG data are available in Appendix B. 
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Figure 9. Proportion of transcripts with BLASTX matches and GO term annotation 
 
2.4 DISCUSSION 
2.4.1 Sequencing of the cDNA library and post sequencing quality 
assessment 
The first stage of the study was to use next generation sequencing in order to sequence 
and analyse a reference transcriptome from Tra catfish. All P. hypophthalmus tissues 
selected provided a broad range of transcript data in the RNA-seq experiment. We were 
able to extract RNA from all tissue at high concentration that possessed good integrity 
(qualified by RNA integrity number). The Ion Proton as a bench top next generation 
sequencing platform allows cost-effective methods over a short runtime for generation 
of cDNA as well as RNA-seq data. In the current study, over 179 million reads were 
generated from the tissue samples screened, with read length varying from 10 to 
approximately 350 bp. In a comparison with a recent study of the same species that 
used the Ion Torrent PGM platform (Thanh et al., 2014), our study greatly increased the 
number of raw sequences generated as well as the depth of analysis. It was not possible 
however, to generate paired end sequencing data on the Ion Proton in order to increase 
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accuracy of this step. A comparison between relative performance of different bench-
top next generation sequencing platforms can be found elsewhere (Chen et al., 2014).  
 
In the current study, each sample library on average produced more than 25 million 
reads. The vast amount of reads was achieved to ensure good quality as well as quantity 
for all downstream bioinformatics analyses. It is a requirement that raw reads need to be 
first cleaned to remove bad quality reads, ambiguous Ns and short reads that may stack 
up and increase error rate of assemblers (El-Metwally et al., 2013). Quality trimming 
parameters were decided shortly after the report from the quality checking step was 
retrieved. In the current study, raw reads were cleaned based on quality read score 
(PHRED score); we chose a PHRED score threshold of 20 to ensure read quality for de 
novo assembly (99.9% base call correct rate). Read length trimming was set at 25 since 
the minimum k-mer used in the de novo assembly process was set at 25 (with Trinity). 
Moreover, as homopolymers can be an issue previously detected with the Ion Torrent 
and Ion Proton sequencers (Bragg et al., 2013; Loman et al., 2012; Quail et al., 2012), 
we set the homopolymer trimming threshold at 8 to address this potential problem. As 
indicated earlier however, a large proportion of reads still remained after the quality 
trimming process, confirming the quality of the sequencing process. 
 
2.4.2 Comparative de novo assembly and clustering approach  
A de novo assembly approach was used to generate the reference transcriptome for P. 
hypophthalmus by combining the datasets for the 0ppt and 15ppt libraries. Here we 
attempted to generate the highest quality reference transcriptome from raw reads by 
applying independently results from three different assemblers that included Trinity, 
Velvet/oases and SOAP de novo Trans. Of the three, Trinity and SOAP de novo Trans 
are currently under active development, while development of Velvet/Oases has been 
halted recently. All three assemblers are based on the de Bruijn graph algorithm for 
 Chapter 2:  39 
short read transcript assembly. It is important to note however that there can be a 
significant disadvantage associated with de novo assembly compared with a reference 
based assembly, namely a limitation on computational resources. As the de Bruijn 
graph algorithm constantly builds up graphs and nodes between reads, it can consume 
all of the RAM available in the system, thus it requires the use of a cluster computing 
infrastructure or cloud computing to be successful. The assembly of massive amounts 
of raw data generated from a NGS platform is widely accepted currently as a major 
bottleneck for bioinformatics analysis (Schadt et al., 2010). At QUT, we accessed the 
local HPC cluster that is capable of running all software with 16 CPUs and more than 
256GB of RAM. In spite of this computing capacity, de novo assemblies still required a 
large amount of time to complete.   
   
To date, a variety of comparative studies have been conducted on performance analysis 
of de novo assemblers to assess and optimize pipelines to produce optimum reference 
transcriptomes (Clarke et al., 2013; Zhao et al., 2011). As results from our study show, 
different assemblers provide slightly different transcript results. Technically, Trinity by 
default is locked to run at k-mer 25, while Velvet/Oases and Soap de novo Trans can 
adjust their k-mer steps. Our observations showed that N50 length, average length as 
well as assembly statistics varied greatly not only between de novo assemblers but also 
among k-mer value employed within each assembler. Our results suggested that Trinity 
to be the best de novo assembler for RNA-seq data, in comparison with the 
Velvet/Oases package and SOAP de novo Trans. Moreover, we noticed as k-mer step 
increased, fewer reads were used, and both assemblers appreared not to use the raw 
reads as well with k-mers larger than 90. This is due to the de Bruijn graph algorithm, 
where at a specific k-mer, all reads with a read length shorter than this k-mer are 
discarded, so as k-mer value increased, fewer reads can be used in the assembly step, 
producing this phenomenon (Zerbino, 2009). It is also important to note that there is no 
golden standard for de novo assembly, each assembler can provide better assembly 
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quality for different gene loci type, as well as a large variation in k-mer value, 
assembler algorithm to address bubble effect, mismatches and other errors that may 
require various options and various optimized parameters. This leads to the  recognition 
that no single assembler is superior in assembly quality over all others (Ya and Stephen, 
2013; Zhao et al., 2011). It was also previously known that transcriptome assembly 
with a single k-mer cannot generate an assembly with both transcript discovery as well 
as transcript contiguity. In conclusion, as has been suggested in some earlier studies, a 
multi k-mer approach can improve overall assembly statistics (Robertson et al., 2010; 
Surget-Groba and Montoya-Burgos, 2010; Zhao et al., 2011).  
 
In the next step in the process, tr2aaccds, a newly developed software pipeline was used 
to combine data from all three assemblies, to cluster them into similar groups and to 
extend the continuity of individual transcripts. Applying the tr2accds pipeline resulted 
in a significant improvement in both N50 and average length. A higher N50 length and 
average transcript length are often considered to provide the benchmark for de novo 
transcript assembly quality. We observed that by merging and clustering the transcripts, 
a more comprehensive and less redundant transcriptome assembly was achieved. 
Recently, a study that employed the tr2aacds pipeline also recorded an increment in 
diversity of de novo assembled transcripts and their completeness, while limiting 
sequence redundancy (Nakasugi et al., 2014). It is, therefore reasonable to assume that 
merging and combining assemblies from various k-mer and various de novo assemblers 
can create a much more comprehensive reference transcriptome. One possible weakness 
of clustering transcripts from a number of assemblers together however, is the 
unavoidable loss of isoforms. Isoform detection however, requires deep coverage of 
transcriptome sequencing, as well as availability of a reliable reference genome, which 
were both beyond the scope of the current study. 
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2.4.3 Transcriptome analysis 
Functional annotation is extremely important in any transcriptome study, with the 
annotation step essentially acting as the connection between raw sequences and 
downstream analysis, and allowing biological interpretation of results.  
 
With rapid development of NGS technologies, new sequencing platform nowadays can 
generate  massive amounts of data  (Baker, 2010; Nekrutenko and Taylor, 2012). The 
major barrier now for next generation sequencing datasets is the computational 
resources needed to analyse very large datasets. Automated software has been created 
in order to keep pace with the amount of data generated from NGS sequencers, and as 
transcripts generated during de novo assembly contain more than 100,000 transcripts, 
manual annotation of all transcripts can be very time and effort consuming. BLAST+, 
an automated tool is suitable for this task (Camacho et al., 2009). This software 
translates all transcripts into protein sequences and scans databases (which can either be 
a local or online database) for any matched protein sequences. Theoretically, thousands 
of transcripts can be blasted within hours of runtime. Users can freely adjust the 
parameters within the program including hits threshold, mismatch penalties and matrix 
used. As implied in the blast results for the P. hypophthalmus transcriptome, a 
significant number of protein hits were achieved against the NCBI non-redundant 
database.  
 
A large number of transcripts were detected with significant blast scores (e-value lower 
than 10-6). Many transcripts were matched with those in closely related species, namely 
channel catfish (I. punctatus) and the blue catfish (I. furcatus). The vast majority of 
transcript matches, however, were matched with the well-studied model species, 
zebrafish (D. rerio). This is to be expected due to the disproportionately high number of 
sequences available for these species. Blast results also consisted of some microbial 
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related sequences, but this is also normal as microbial communities are found in the gut 
or on the gills of P. hypophthalmus (data not shown).  
 
Apart from BlastX, the BLAST2GO suite is a user-friendly software package that 
allows fast assignment of gene ontologies. The automated search package is designed to 
enhance research output, but sensitivity as well as accuracy can vary. While the 
annotation that resulted from the current dataset was large in spite of the high E-value 
threshold employed; a portion of transcripts still remained unannotated. This set 
comprised transcripts without a coding sequence, or those that coded for a novel protein 
without any match in the database. Nevertheless, more than 50% of all transcripts 
generated from the de novo assembly were fully annotated. This has provided a large 
resource for gene expression studies in P. hypophthalmus in the future.  
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Chapter 3: Differential gene expression and 
evaluation of candidate genes 
involved in salinity tolerance  
3.1 INTRODUCTION 
Over recent years, new NGS technologies have had a major impact on genomic studies. 
When compared with traditional methods for identifying differentially expressed genes 
including microarrays, serial analysis of gene expression (SAGE) or massive parallel 
signature sequence (MPSS), an RNA-seq approach using NGS offers a high throughput 
direct sequencing method that provides high efficiency at relatively low cost with low 
background noise. Moreover, RNA-seq has a clear advantage over other current 
technologies because it can be applied to any species, overcoming the lack of genomic 
resources available for non-model species that in general, are only distantly related to 
species with a characterised genome. Prior to the current study, only limited genomics 
resources were available for Tra catfish (P. hypophthalmus), and so an RNA-seq 
approach was therefore, considered appropriate. 
 
In brief, RNA-seq offers many clear advantages over other classical approaches for 
generating transcriptomic data. RNA-seq is a direct sequencing method, that produces 
very low background noise and raw reads can be used to map back to a de novo 
reference transcriptome. Quantification is based on the total number of unique 
sequences and this allow researchers to detect a broad range of expression patterns with 
higher sensitivity (see a benchmarking approach by Sîrbu et al. (2012)). RNA-seq also 
allows analysis of putative single nucleotide polymorphisms (SNPs) that have a 
potential to affect gene function. Importantly, an RNA-seq approach can be undertaken 
on any species, without a requirement for previous knowledge of the species 
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genome/transcriptome.  Previously, RNA-Seq   data   had   to   be   mapped   to   a   
reference   genome;   however, recent advances in bioinformatics have now made it 
possible to bypass this step and assemble RNA-Seq data into a de novo transcript.  For 
all the reasons above, RNA-seq is likely therefore, to revolutionize the manner in which 
non-model eukaryotic transcriptomes are investigated in the future (Wang et al., 2009).  
 
Comparison of gene expression patterns under varying experimental conditions can be a 
very powerful approach for identifying candidate genes that affect traits of interest. 
Physiological changes are often driven by regulation of gene expression that can be 
analysed/characterized using a comparative transcriptome analysis approach. In the 
current study, we used pooled samples, generated from combining samples from a 
number of different individuals into three replicates in order to investigate the 
expression pattern of genes affecting salinity tolerance in P. hypophthalmus. The goal 
of this section was to gain a broad overview about physiological mechanisms in P. 
hypophthalmus when individuals were exposed to elevated salinity conditions as well as 
looking for possible pathways that influence the salinity tolerance trait. Data generated 
from this study can be used later to examine specific candidate genes that may be 
applied to trait improvement.  
 
3.2 MATERIALS AND METHODS 
3.2.1 Differential gene expression analysis 
For analysis of differential gene expression profiling, quality trimmed reads from each 
library were mapped onto the P. hypophthalmus transcriptome reference assembly 
using CLC Genomics Workbench software (CLC Inc, Aarhus, Denmark) . During 
mapping, at least 90% of the read bases with a 2 mismatch allowance were required to 
align with the reference transcriptome to be accepted as a “hit”. Total mapped reads 
were calculated and then normalized to generate RPKM (reads per kilobase of exon per 
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million mapped reads). Only transcripts with a unique read count larger than 10 and 
RPKM > 1 were considered to have been expressed. For statistical test purposes, a 
proportions-based test was used to identify differentially expressed genes applying the 
Kal Z-test (Kal et al., 1999) followed by determination of an FDR corrected p-value 
(Benjamini and Hochberg, 1995). In brief, any fully annotated transcript with an 
absolute fold change between the two experimental salinity conditions larger than 2 and 
FDR corrected p-value ≤ 0.01 (1 false discovery for 100 transcripts) was considered to 
be a differentially expressed gene. Only transcripts with previously identified gene 
annotations were taken forward for further analysis. 
 
3.2.2 Gene ontology and enrichment analysis 
In order to identify overrepresented GO annotated genes in the differentially expressed 
transcript set, we compared the gene list statistically against the broader reference 
assembly using Fisher’s exact test available in BLAST2GO software (Conesa et al., 
2005). A P-value cutoff of 0.1 was applied in this analysis. Results were exported into 
an Excel spreadsheet, and then filtered prior to further analysis. 
 
3.3 RESULTS 
3.3.1 Differential gene expression analysis 
To test for significantly up or down-regulated genes, individual reads from each sample 
were mapped back to the assembled transcriptome, merged with annotation and 
statistical analysis tests applied using the RNA-seq module in the CLC Genomics 
Workbench. Transcript expression levels were calculated based on RPKM value. After 
setting the threshold (indicated previously in the methods section and filtering out all 
unannotated transcripts), we recorded in total 3026 annotated transcripts that were 
differentially expressed in three experimental osmoregulatory organ libraries (table 4). 
Descriptive analysis results from the CLC Genomics Workbench are provided in table 
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5. Comparisons were made between two salinities (0ppt and 15ppt) in three different 
osmoregulatory organs, respectively. This list consisted of many transcripts sorted 
based on Fold change, p-value and FDR-corrected value. Comparisons of the gill 
library yielded the highest number of differentially expressed genes among the three 
tissues (twice the number of the lowest, kidney). All identified differentially expressed 
transcripts from each tissue library have been included in supplementary material 
(Appendix A1). 
 
Table 4. Number of genes differentially expressed following salinity exposure 
 
Tissue 
Up-regulated 
transcripts 
Down-
regulated 
transcripts 
Total 
differentially 
expressed genes 
Gill 736 587 1,323 
Intestine 473 540 1,013 
Kidney 351 339 690 
 
Figures 10, 11 and 12 present volcano plots of differentially expressed transcripts in 
intestine, gill and kidney, respectively. Each dot represents a single transcript that had a 
FDR-value less than 0.01. These plots present the inverse log10 of the FDR value against 
the log2fold changes. 
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Figure 10. Volcano plot of DGE in intestine.  
Dots represent transcripts that were up/down regulated in the current treatment. 
 
Figure 11. Volcano plot of DGE in gill. 
 Dots represent transcripts that were up/down regulated in the current treatment. 
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Figure 12. Volcano plot of DGE in kidney.  
Dots represent transcripts that were up/down regulated in the current treatment. 
 
3.3.2 Gene onotlogy enrichment analyses 
All differentially expressed genes were then used to perform a GO function and 
pathway analysis enrichment test. The most specific GO terms overrepresented in 
upregulated genes included apoptotic process (GO: 0006915), regulation of translation 
(GO: 0006417), translational elongation (GO: 0006414), regulation of actin filament 
polymerization (GO: 0030833) and cellular response to xenobiotic stimulus (GO: 
0071466). In contrast the most specific GO terms overrepresented by downregulated 
genes after salinity challenge included; oxidation-reduction process (GO:0055114), ion 
transmembrane transport (GO:0034220), intracellular protein transport (GO:0006886) 
and endocytosis (GO:0006897). Results of GO enrichment analysis for P. 
hypophthalmus indicate that multiple biological processes are influenced by exposure to 
different salinity levels. Results of the GO pathway enrichment analysis have been 
included in supplementary material (Appendix C). 
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3.4 DISCUSSION 
Earlier, the study reported on a comparative de novo assembly approach and generation 
of a reference transcriptome for P. hypophthalmus. Here, we aimed to identify and 
characterize all genes that were up or down regulated in P. hypophthalmus individuals 
exposed to two different environmental salinity conditions. Moreover, we aimed to 
develop a broad catalogue of genes as well as target candidate genes that potentially 
contribute to salinity acclimation in P. hypophthalmus under elevated salinity 
conditions. CLC Genomics Workbench (CLC) was employed for the analysis of 
differential gene expression between the two salinity treatments. As a commercial 
product, CLC is designed to be very easy to use with a point-and-click interface. 
Filtered reads can be mapped back to the annotated reference transcriptome with all 
mapping parameters identified earlier (materials and methods section). CLC then 
calculates the RPKM value automatically for each transcript under different treatment 
conditions and then calculates the fold change between them. Only transcripts with a 
unique read count larger than 10 and RPKM > 1 were considered to have been 
expressed. This threshold was set to ensure sufficient expression of each transcript to 
make sure the data satisfy a significant difference between experimental conditions. As 
implied earlier, we applied the Kal-Z statistical test to calculate FDR p-value, a 
threshold to prevent detection of false differentially expressed transcripts. Kal-Z was 
considered suitable for this purpose because the test compares a single sample against 
another single sample, and thus requires that each group in the experiment contains 
only a single replicate. 
  
For P. hypophthalmus, we identified 3026 unigenes that were differentially expressed in 
three osmoregulatory organs: gill, kidney and intestine. Results of the gene enrichment 
analysis suggest however that exposure to 15ppt salinity potentially could have 
generated a negative stress response rather than an adaptive response in P. 
hypophthalmus. A recently published study of P. hypophthalmus has suggested that 
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growth performance of P. hypophthalmus is optimal at 9ppt, while individuals 
maintained at 18ppt showed a significantly compromised growth rate as well as lower 
survival rate of individuals (Nguyen et al., 2014). Results indicate that at 9ppt, 
osmolality between external and internal pressure in P. hypophthalmus was essentially 
equal, thus individuals were able to divert energy from maintenance of osmotic pressure 
to muscle growth. In contrast, exposure to higher salinities, i.e. above 9ppt can trigger 
stress responses where individuals need to divert energy away from metabolism and 
growth to deal with a perceived physiological osmotic stress. This is achieved by 
balancing of homeostatic equilibrium and repairing as well as killing any damaged 
cells. Animal cells can counteract osmotic imbalance by triggering a regulatory volume 
increase (RVI), an internal process that initiates a net gain in osmolytes and/or water, 
increasing cell volume that re-establishes normal values and prevents cell shrinkage. 
When however, excessive cell shrinkage potentially reaches a critical point after 
exposure to hyperosmotic conditions, this can result in cell death, an outcome that may 
explain why there is an overrepresentation of death, programmed cell death and 
apoptosis GO terms in the enrichment test at 15ppt. Meanwhile, it is possible that 
overrepresentation of GO terms related to ion transport in the down regulated genes 
could be related to the growth rate of the individual chosen, as individuals can store the 
energy from pumping ions and redirect this towards growth.  
 
Based on the enrichment analysis, annotation and published  literature, a list of 
candidate genes potentially involved in salinity acclimation in Tra catfish (P. 
hypophthalmus) were categorized into six keys groups including; genes involved in 
immune and cell protection, energy metabolism, signal transduction, ion transport, 
protein encoding and genes involved in the detoxification process (Table 5). 
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Table 5. Candidate genes in osmoregulatory tissues differentially expressed at 0ppt and 15ppt salinity concentrations 
 
Gene description Tissue Min fold 
change 
Primary gene function 
14-3-3 protein zeta delta Gill 2.34 Signal transduction 
Serine threonine-protein kinase sgk1-like isoform x1 Gill 14.72 Signal transduction 
Rho GTPase-activating protein 29-like isoform x1 Gill 4.44 Signal transduction  
Rho GTPase-activating protein 17-like isoform x2 Gill 4.46 Signal transduction 
Rho GTPase-activating protein 27-like isoform x2 Kidney 2.76 Signal transduction 
Mitogen-activated protein kinase 4 Gill 4.18 Signal transduction 
Mitogen-activated protein kinase 13 Intestine 2.85 Signal transduction 
Mitogen-activated protein kinase 19 Kidney 4.00 Signal transduction 
Aquaporin 3 Gill -2.23 Ion transporter 
Apolipoprotein a-iv  Intestine 2.68 Ion transporter 
Solute carrier family facilitated glucose transporter member 1 
(GLUT1) 
Gill 2.51 Ion transporter 
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sodium- and chloride-dependent taurine transporter Gill 2.55 Ion  transporter 
sodium- and chloride-dependent taurine transporter-like isoform x1 
(TAUT1) 
Kidney 2.09 Ion  transporter 
Sodium bicarbonate cotransporter 3-like protein Gill 6.63 Ion transporter 
Sodium calcium exchanger 1-like Gill 12.73 Ion transporter 
Sodium myo-inositol cotransporter 2 Gill 32.74 Ion transporter 
Sodium myo-inositol cotransporter 2 Kidney 2.93 Ion transporter 
Sodium glucose cotransporter 1 (SLGT1) Intestine 2.26 Ion transporter 
Sodium glucose cotransporter 2 (SLGT2) Kidney 2.93 Ion transporter 
Apoptosis-stimulating of p53 protein 1 Gill 3.45 Cell protection and immunity 
Apoptosis-stimulating of p53 protein 1 Intestine 3.32 Cell protection and immunity 
Bcl2 antagonist of cell death  Intestine 2.32 Cell protection and immunity 
Apoptosis regulator bax Gill -7.70 Cell protection and immunity 
Apoptosis regulator bax-like Intestine 3.23 Cell protection and immunity 
Apoptosis facilitator bcl-2-like protein 14 Kidney 7.24 Cell protection and immunity 
Apoptotic protease-activating factor  Gill 3.18 Cell protection and immunity 
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Inositol monophosphatase 1-like isoform x1 Gill 5.25 Cell protection and immunity 
Inositol monophosphatase 1-like isoform x1 Intestine 2.90 Cell protection and immunity 
Inositol-3-phosphate synthase 1-a-like Gill 11.14 Cell protection and immunity 
Inositol-3-phosphate synthase 1-a-like Kidney 3.62 Cell protection and immunity 
Atp-citrate synthase-like Gill 2.92 Energy metabolism 
Succinate dehydrogenase Gill 5.87 Energy metabolism 
Isocitrate dehydrogenase Gill 2.78 Energy metabolism 
Isocitrate dehydrogenase Kidney 2.12 Energy metabolism 
Malate cytoplasmic Gill 8.48 Energy metabolism 
Malate cytoplasmic Intestine 3.86 Energy metabolism 
Malate mitochondrial-like Gill 2.44 Energy metabolism 
Cytidine monophosphate-n-acetylneuraminic acid hydroxylase-like Kidney 2.12 Energy metabolism 
Cytidine monophosphate-n-acetylneuraminic acid hydroxylase-like Gill 7.84 Energy metabolism 
Cytochrome c oxidase subunit mitochondrial precursor Gill 4.95 Energy metabolism  
Cytochrome c oxidase polypeptide viii- mitochondrial precursor Gill 2.88 Energy metabolism 
Cytochrome c oxidase assembly protein cox16 mitochondrial-like Kidney 2.19 Energy metabolism 
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Cytochrome p450 4v2-like Gill 38.51 Detoxification 
Cytochrome p450 4v2-like Intestine 2.22 Detoxification 
Cytochrome p450 1a Kidney 3.86 Detoxification 
Cytochrome p450 2j6-like Intestine 8.21 Detoxification 
Cytochrome p450 3a40-like Intestine 2.48 Detoxification 
Glutathione s-transferase 3 Kidney 2.19 Detoxification 
Keratin 8 Gill 3.3 Structure reorganization 
Actin binding protein Gill 2.36 Structure reorganization 
Myosin light chain Intestine 2.54 Structure reorganization 
Myosin heavy chain  Intestine 2.04 Structure reorganization 
Myosin-9-like isoform  Gill 2.51 Structure reorganization 
Myosin-10-like isoform  Gill 3.05 Structure reorganization 
Myosin-11-like isoform  Gill 8.93 Structure reorganization 
Trio and f-actin-binding Kidney 2.25 Structure reorganization 
A disintegrin and metalloproteinase with thrombospondin motifs Gill 2.38 Structure reorganization 
A disintegrin and metalloproteinase with thrombospondin motifs Intestine -6.04 Structure reorganization 
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Collagen type i alpha 1 Kidney 3.65 Structure reorganization 
Collagen type i alpha 2  Kidney 2.18 Structure reorganization 
Collagen alpha-1 chain-like Gill 2.03 Structure reorganization 
Collagen alpha-2 chain-like Intestine 2.21 Structure reorganization 
tropomyosin alpha-3 chain Gill 2.65 Structure reorganization 
tropomyosin alpha-3 chain isoform x7 Gill 2.05 Structure reorganization 
tropomyosin alpha-3 chain Kidney 2.03 Structure reorganization 
tropomyosin alpha-3 chain isoform 2 Kidney 2.31 Structure reorganization  
tubulin alpha-1b chain- partial Kidney 6.89 Structure reorganization 
tubulin beta chain-like Kidney 3.58 Structure reorganization 
tubulin beta-3 chain-like Kidney 6.21 Structure reorganization 
tubulin alpha-1a chain-like Intestine 2.29 Structure reorganization 
tubulin beta-2c chain Intestine  2.19 Structure reorganization 
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3.4.1 Genes involved in energy metabolism 
As salinity level increases, acclimation of freshwater teleosts toward elevated salinity conditions 
requires a large investment of energy to maintain their homeostasic balance. It has been 
estimated previously that approximately 20 – 62% of the total energy budget of a fish can be 
diverted to osmoregulation under salinity elevated stress (Boeuf and Payan, 2001). It is not 
surprising therefore, to find that many P. hypophthalmus genes with a primary role in energy 
metabolism were upregulated during prolonged exposure to raised salinity conditions. It is well 
documented that changes in components related to the electron transport chain, glycolysis, fatty 
acid metabolism and ATP production are often associated with increasing salinity levels (Lavado 
et al., 2013; Tine et al., 2008). Of interest, it has been suggested that regulation of these type of 
genes are affected by different salinity concentration, time of exposure and specific 
osmoregulatory organ (Tseng and Hwang, 2008). 
 
Citrate synthase (CS) and isocitrate dehydrogenase (IDH) are important elements in the 
tricarboxylic acid cycle (TCA). Upregulation of these genes during salinity exposure illustrates 
the need for energy during osmoregulation because pyruvate is converted to acetyl-coA and then 
to citrate/isocitrate in mitochondria by CS (EC 2.3.3.1) and IDH (EC 1.1.1.42), respectively. A 
specific review of CS as well as IDH mechanisms can be found elsewhere (Mommsen, 1984). In 
Mozambique tilapia O. mossambicus, CS activity increased in isolated gill epithelial cells after 
transfer to SW for two weeks (Perry and Walsh, 1989). This response resulted from stimulation 
of aerobic respiration in mitochondria during acclimation to SW. Recently, a study of  lactate 
dehydrogenase and citrate synthase regulation in O. mossambicus gills during acclimation to a 
salinity challenge also recorded a significant change in the activities of these genes over the 1st 
hour of the acclimation process (Tseng et al., 2008). In contrast, in a euryhaline fish G. mirabilis, 
changes in CS activity were not detected as salinity fluctuated (Evans and Somero, 2008). We 
also observed changes in another enzyme, succinate dehydrogrenase (SRQ) in our study. SRQ is 
a limiting enzyme in the Krebs cycle, that has previously been shown to increase in expression 
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level in eel (A. anguilla) and Atlantic salmon (S. salar) gill following seawater exposure 
(Langdon and Thorpe, 1984; Sargent et al., 1975). Cytoplasmic malate dehydrogenase is another 
element of the electron transport chain that may show differential expression changes. In 
addition, cytochrome c oxidase (COX) catalyzes electron transfer from cytochrome c to 
molecular oxygen. It is unlikely however, that when salinity fluctuates, COX contributes to 
oxidative phosphorylation that later provides all of the ATP required for energy demanding 
processes. Our results showed that COX in P. hypophthalmus was upregulated in the gill during 
salinity elevation, a pattern also seen in gills and intestine of both seawater and freshwater 
adapted D. labrax  (Boutet et al., 2006) and in gills of S. melanotheron (Tine et al., 2011). 
Together, the patterns of differently expressed genes suggest a requirement for more energy by 
P. hypophthalmus during raised salinity conditions. This energy is required to maintain a variety 
of metabolic processes under stressful conditions. 
 
3.4.2 Genes involved in ion transport 
During salinity acclimation, fish rely on different active and passive transporters to pump ions in 
and out of cells across their cell membranes. This allows individuals to maintain their ion 
balance equilibrium. Adjustment of active/passive transport of ions is considered to be the key 
element in teleost fish that permits them to acclimate to fluctuations in their osmotic 
environments. 
 
Under hyper-saline conditions, significant loss of water from the cell can quickly lead to a 
critical point where cells shrink and potentially die. In this sense, cells have to either synthesize 
the osmolyte itself, or rely on transporters and intracellular accumulation of osmolytes including 
betaine, taurine, sorbitol and myo-inositol to balance any osmotic change (Alfieri and Petronini, 
2007; Ho, 2006). Taurine is therefore transported into the cell via sodium- and chloride-
dependent taurine transporters (TauT or SLC6A6) (Han et al., 2006; Takeuchi et al., 2000). TauT 
has been suggested previously to be upregulated in cells to counteract any increase in osmotic 
 Chapter 3: Differential gene expression and evaluation of candidate genes involved in salinity tolerance 58 
pressure that could lead to cell shrinkage (the specific TauT mechanism has been reviewed 
elsewhere (Hoffmann et al., 2009)) . In P. hypophthalmus, we observed an increase in TauT 
expression level in gill and kidney tissue, suggesting a role for a taurine pumping mechanism to 
cope with changes in the external osmotic environment. Taurine transporter mRNA has also 
been found to be highly expressed in the gill of seawater acclimated Japanese eel (A. japonica) 
(Chow et al., 2009) and increased significantly when ambient osmolality increased in a common 
carp cell line (Epithelioma papulosum cyprinid) (Takeuchi et al., 2000). In our study, TauT 
expression declined however in the intestine, suggesting potentially a different osmolyte may 
contribute to establishing osmotic equilibrium balance in this organ. Apart from taurine, 
accumulation of myo-inositol, another osmolyte in cells is maintained by a sodium/myo-inositol 
cotransporter (SMIT/SLC5A3), another plasma membrane protein (Coady et al., 2002). This ion 
transporter has been studied extensively in yeast, humans and certain mammal species (Ho, 
2006). Previous studies agree that SMIT acts as a controller that maintains intracellular 
concentration of myo-inositol and is upregulated in response to hypertonic stress (Alfieri et al., 
2002; Klaus et al., 2008; Yamauchi et al., 1993). In our study, SMIT was significantly 
upregulated in gill and kidney of P. hypophthalmus exposed to 15ppt salinity. This suggests a 
role for this gene in salinity acclimation in Tra catfish. While a role for some osmolytes 
(including taurine and myo-inositol) in cells to counteract osmotic balance is partially 
understood in teleost fish, the actual mechanism and how the process is regulated, still remain 
unclear (Tseng and Hwang, 2008) . 
 
Aquaporins (AQP) are a family of small (25-34kDa), hydrophobic, integral membrane proteins 
that function in transport of water across cell membranes in response to osmotic gradients 
created by active solute transport (Campbell et al., 2008). When cells are exposed to a 
hyperosmotic solution, they shrink in size. As AQP functions as a passive “gate” for 
glycerol/ammonia/urea, a decrease in AQP-3 abundance therefore can help prevent loss of 
glycerol from the cell. This allows the cell to maintain elevated intracellular glycerol levels, 
improving cell volume as well as lamellae blood flow and gas exchange in seawater acclimated 
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fish. It is now widely accepted that AQP-3 increases as environmental salinity levels decline 
(and vice versa) in fish gill, this pattern has been recorded in pufferfish Takifugu obscurus 
(Jeong et al., 2013), Atlantic salmon S. salar (Tipsmark et al., 2010a), Japanese eel A. japonica 
(Tse et al., 2006), and Mozambique tilapia O. mossambicus (Breves et al., 2010). Our results 
also show a decrease in AQP-8a and AQP-10b expression levels in the intestine of P. 
hypophthalmus. The AQP-10 gene has also been identified in gilthead seabream S. aurata 
(Martinez et al., 2005; Santos et al., 2004). Aquaporin 10 is an aquaglyceroporin that is not 
expressed in mammalian kidney but is located in the membrane of the small intestine, where it is 
believed to participate in transport of both water and solutes (Mobasheri et al., 2004). Further 
studies will be needed however, to clarify where AQP-10 is localized in P. hypophthalmus as 
well as to determine the specific role for this membrane protein in osmoregulation in teleost fish.  
 
The sodium/glucose cotransporter (SGLT) plays a major role in Na/glucose transport in the 
intestine, and has been suggested as a potential gate for water transport (Madsen et al., 2011). 
The two most well-known members of the SGLT family are SGLT1 and SGLT2 that are 
members of the SLC5A gene family – in mammals. This solute carrier family acts as a 
transporter for sugar, myo-inositol, monocarboxylates, iodide, vitamins and choline (Wright et 
al., 2007).  In humans, SLGT1 behaves as a water channel, a sugar-coupled water flow that 
allows exchange of Na+, sugar and water stoichiometrically (Loo et al., 2002). The role of SGLT 
proteins is to transport glucose and Na+ across apical membranes. The role of SGLT in water 
absorption however, potentially may be minor since blocking SGLT with phlorizin in salmonids 
only reduced water transport capacity by 20% (Madsen et al., 2011).  
 
Genes associated with transporting molecules related to metabolic processes were also 
modulated in association with upregulation of genes involved in ATP energy production. An 
upregulation of solute carrier family facilitated glucose transporter member 1 (SLC2A1/GLUT1) 
in the gill of P. hypophthalmus at 15ppt salinity was observed here. SLC2A1 has previously been 
suggested to be an element for transporting glucose across plasma membranes (Olson and 
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Pessin, 1996). The GLUT gene family was recently identified as a target for investigating  
glucose metabolism and energy supplementation during osmoregulation in zebrafish (D. rerio) 
(Tseng and Hwang, 2008). Apart from glucose, free amino acids can be used energetically to 
provide ATP necessary for all metabolic processes in teleosts. During salinity exposure, free 
amino acids potentially may be involved in isosmotic intracellular regulation (Tseng and Hwang, 
2008; Venkatachari, 1974). In brief, di/tripeptides following hydrolysis from dietary proteins can 
be transported to the apical membrane of enterocytes and then can be further hydrolysed to 
release their constituent amino acids. Transport is based on stoichiometric balance by uptake of 
positively or negatively charged peptides. PEPT1 (SLC15A1) is a Na+ independent, H+ 
dependent oligopeptide transporter meditated for the process; the physiological review of PEPT1 
is available elsewhere (Romano et al., 2014) . Significant fluctuations in the expression pattern 
of SLC15A1 was recorded in P. hypophthalmus under the two salinity conditions in our 
experiment; PEPT1 transporters provide potentially an optimal way to absorb amino acids in 
fish. In teleost fish, PEPT1 is primarily expressed in the intestine and can also be found at much 
lower concentrations in a variety of other organs/tissues, including kidney, liver and spleen  
(Rønnestad et al., 2007). Di and tri-peptide PEPT1 have already been cloned and characterized 
from certain fish species including zebrafish D. rerio (Verri et al., 2003), Atlantic cod Gadus 
morhua L. (Rønnestad et al., 2007), and European seabass Dicentrarchus labrax (Sangaletti et 
al., 2009). Of interest, isoforms of PEPT15 have been found to be differentially expressed under 
different salinity conditions in killifish Fundulus heteroclitus (Bucking and Schulte, 2012). 
While this suggests novel environment-specific expression strategies in euryhaline fish, further 
investigation will be required in order to clarify the role of this transporter in salinity tolerance 
mechanisms in the target species and more generally. 
 
Earlier results of Perry (1997) showed that gill epithelial sodium/potassium ATPases (NKA) 
activity appeared to increase in higher salinity environments. Tipsmark et al. (2004) suggested 
that the level of NKA in fish gill can indicate the relative capacity of a species to hyper- (or 
hypo-) osmoregulate. To date, NKA has been shown to play an important role during salinity 
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adaptation in many FW species including, in blackchin tilapia Sarotherodon melanotheron 
(Ouattara et al., 2009), Mozambique tilapia O. mossambicus (Fiess et al., 2007), common carp 
Cyprinus carpio (Salati et al., 2011) and a number of other species. While several NKA isoforms 
have been characterized in teleost fish, there is still a lot of debate about the specific roles that 
each isoform plays. In salmonids, the NKA α1b isoform is believed to be the “SW-adapted” 
isoform, since this isoform is often upregulated during raised salinity exposure, while NKA α1a 
acts as a “FW-adapted” isoform. Many studies have been conducted to investigate the switching 
mechanism underlying this pattern (Bystriansky et al., 2006; Nilsen et al., 2007; Richards et al., 
2003; Takashi et al., 2012). Recently, in an attempt to investigate the differential regulation of 
NKA during seawater exposure of Atlantic salmon parr and smolt S. salar, cellular localization 
and abundance patterns of the two isoforms were clearly elucidated (McCormick et al., 2009; 
McCormick et al., 2013). In this study, many NKA alpha subunit transcripts were observed, one 
that was upregulated while another was down regulated in gill under the two experimental 
salinity concentrations. We had hypothesized that they may represent the two isoforms identified 
above in salmon. Unfortunately, due to the fact that no reference genome was available for P. 
hypophthalmus, we did not have the ability to distinguish between the two isoforms. A follow up 
study using RT-PCR confirmation could be employed to elucidate the actual roles of different 
NKA isoforms in salinity tolerance in P. hypophthalmus.  
 
3.4.3 Genes involved in immune and cell protection responses 
Cells responding to changes in external osmotic conditions rely on a variety of mechanisms 
including modified ion homeostasis rate as well as repairing disturbed parts of cells to allow 
them to recover their functionality. Previous research has suggested that volume regulation is a 
response employed by fish cells to address osmotic challenges (Chara et al., 2011).  
 
To compensate for  prolonged hyperosmotic conditions, cells tend to accumulate osmolytes to 
rebalance their tonicity equilibrium (Alfieri and Petronini, 2007). Myo-inositol is an example of 
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an osmolyte that is believed to accumulate in cells during salinity elevation. The myo-inositol 
biosynthesis pathway (MIB) that converts glucose-6-phosphate to myo-inositol mediates this 
response. This pathway consists of two enzymes; myo-inositol phosphate synthase (MIPS) and 
inositol monophosphatase (IMPA) that generate myo-inositol. Of interest, we detected IMPA1 
isoforms in both P. hypophthalmus gill and intestine, while in kidney we found many transcripts 
that had GO terms related to inositol biosynthesis. This potentially provides a possible strategy 
for P. hypophthalmus to counteract cell shrinkage under hyperosmotic environments. Previous 
work on Japanese eel A. anguilla has implied that IMPA1 can be upregulated during salinity 
fluctuation over both short and long term salinity challenge in the gill, kidney and/or intestine 
(Kalujnaia et al., 2010; Kalujnaia et al., 2007). It is of further interest to note however, that myo-
inositol has also been suggested to act as a substrate for synthesis of phosphoinositide 
compounds, an important substance involved in osmotic stress signalling events in some plants 
(Munnik and Vermeer, 2010).  
 
Many genes involved in cell apoptosis that were upregulated under salinity challenge P. 
hypophthalmus were also detected. Both hyper or hyposalinity exposure stress can lead to a 
critical point where fluctuating salinity level causes cell shrinkage or swelling leading to cell 
death. Apoptosis, or regulated cell death can be understood as the way cells can self-destruct in 
an orderly and controlled pattern, allowing replacement of damaged cells with new cells, 
ensuring cellular homeostasis (Hoffmann et al., 2009). Apoptotic regulation involves a variety of 
cellular signalling pathways that trigger shrinkage, nuclear fragmentation, chromatin 
condensation and finally DNA fragmentation, that results in cell death (Jones, 2001). Potentially, 
perceived osmotic stress imposed on P. hypophthalmus individuals at 15 ppt salinity 
concentration may be correlated with upregulation of apoptotic elements including apoptosis 
stimulation of p53 protein (gill and intestine), bcl2 protein, an antagonist of cell death (intestine), 
apoptosis regulator bax-like (intestine), and apoptosis facilitator bcl-2-like protein 14 (kidney). 
While our understanding of the apoptosis process has advanced significantly over the last 10 
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years, studies that specifically examine the association between apoptosis and salinity tolerance 
in teleost fish, are still required. 
 
p53 is a tumor suppressor protein and a key regulator of cell cycle arrest and apoptosis. It has 
been reported that low levels of p53 triggers cell-cycle arrest while high levels can cause 
apoptosis (Laptenko and Prives, 2006). Significant increases in p53 mRNA expression and 
protein abundance in the gills of climbing perch Anabas testudineus were observed in response 
to seawater acclimation (Ching et al., 2013). A similar result was confirmed in free-swimming 
larval L. salmonis as p53 protein was reported to be an apoptotic factor that was upregulated 
after short term hyposalinity challenge (Sutherland et al., 2012). Moreover, the p53 gene has 
been shown to be correlated with acute acid stress in Nile tilapia O. niloticus, and was suggested 
to serve as a cellular response for DNA damage caused by acid oxidative stress (Mai et al., 
2010). After p53 triggers the effect, apoptosis is orchestrated by intracellular proteases known as 
caspases. Prior to this, apoptosis regulator bax-like (BAX) - a pro-apoptosis protein expressed 
under stress conditions has to undergo a conformational shift that causes translocation to the 
mitochondrial membrane, that releases cytochrome c into the cytosol that activates caspase-3 and 
9 leading to apoptosis (Oltval et al., 1993).  In our study, we found that BAX was upregulated in 
the intestine while being downregulated in the gill of P. hypophthalmus. Similarly, high salinity 
induced an increase in BAX expression as well as apoptosis in A. testudineus  (Ching et al., 
2013). The authors suggested that these changes facilitated removal of certain types of gill cells 
in the switching mechanism between freshwater cell type to seawater type. In P. hypophthalmus 
however, we proposed that this pattern was more likely to involve replacement of damaged cells 
with new cells rather than as a cell switching mechanism as has been reported in A. testudineus. 
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3.4.4 Genes involved in encoding structural proteins 
Osmotic imbalance can also be addressed via extensive reorganization of the cytoskeleton. In 
response to cell shrinkage, arrangement of structural proteins can help to extend the ability of 
cells to acclimate to hyperosmotic environmental conditions. 
 
In this study, many genes encoding multiple structural components of the cytoskeleton were   
induced in P. hypophthalmus in the 15ppt treatment including keratin, several members of the 
myosin family (myosin light/heavy chain, myosin 9, 10) and collagen. These genes are known 
from previous studies as adjusting elements for cell reorganization during cell volume regulation 
(see review by  Hoffmann et al. (2009)). Myosin light chain is believed to be a key mediator for 
hyperosmotic activation in a variety of cell types where it regulates Na+–K+–2Cl− co-transporters 
(NKCC) (Ciano-Oliveira et al., 2005; Di Ciano-Oliveira et al., 2006). In parallel, keratin and 
collagen can act as important skeletal proteins for cellular structure (Kirfel et al., 2003).  Of 
interest, this type of change in reorganization of cytoskeleton structure has mostly been detected 
in the gills of teleost fish. Fish gills act as the first line of defence against the external 
environment, and therefore are at risk during severe osmotic fluctuation. As a result, osmotic 
stress that modulates cell volume and reorganization of the cytoskeleton structure may reflect an 
attempt to balance osmotic equilibrium in fish. 
 
Another structural protein family, the claudins, consist of 24 different members, divided into 
three subgroups depending on their function. These include barrier builders, mediating 
permeability and some with unknown functions (Amasheh et al., 2011). In P. hypophthalmus, we 
recorded down regulation of claudin-4, claudin-10b in gill and claudin-15 in the intestine. This 
correlated well with results of a study on Mozambique tilapia O. mossambicus, where claudin-3 
and claudin-4 like were reported in gill and expression levels decreased after seawater 
acclimation (Tipsmark et al., 2008). The authors suggested that the decrease in expression 
pattern of these tight-junctions is a sign of rearrangement of the gill into an ion-secreting and 
leakier epithelium (Sardet et al., 1979). Our results also showed a down regulation of claudin-15 
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in the intestine, a claudin primarily found abundantly in the intestine of smolt (S. salar) 
individuals (Tipsmark et al., 2010b). Increased renal tricellulin and claudin-3 expression in 
kidney also suggests an important role for this tight-junction protein in the kidney of smolts in S. 
salar (Tipsmark and Madsen, 2012). For P. hypophthalmus however, we did not observe any 
change in the claudin isoform expressed in the kidney. These findings on cytoskeletal 
modification under salinity elevation in P. hypophthalmus illustrate that knowledge about the 
different roles of many genes during salinity fluctuation is currently very limited and will require 
further investigation. 
 
3.4.5 Genes involved in signal transduction 
The sensory system and intracellular transduction of stress signal is crucial for the survival of 
fish during salinity fluctuation. Osmosensors detect changes in the external environment, and 
send the information to the signal transduction network, that in turn triggers the effector defence 
mechanism (i.e. that increase cell proliferation, cell differentiation or that change ion transporter 
activity). This signalling pathway can be viewed as the connection between the perceived 
external environmental shift and the physiological response of a fish (a review of signal 
transduction network in both cellular and molecular levels in fish, can be found in the study by 
Fiol and Kültz (2007)) .  
 
Mitogen activated protein kinases (MAPK) are a family of proteins that have been shown to be 
involved in osmosensory signal transduction in yeast, plant and animal cells – a cellular control 
pathway that plays an important role in cellular response in many species (Arbabi and Maier, 
2002). In brief, MAPK acts by combining and amplifying all signals received from osmosensors 
and then activates appropriate downstream signals that promote physiological acclimation 
processes (Fiol and Kültz, 2007). We detected many MAPK transcripts in P. hypophthalmus gill 
that were both up and down regulated, while in kidney and intestine, MAPK tended to be only 
upregulated at raised salinity levels.  Moreover, activation of MAPK has suggested to be related 
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to small GTPases of the Rho family, that are thought to mediate the control of the actin 
cytoskeleton as well as cell morphology under osmotic fluctuations (Lunn and Rozengurt, 2004; 
Suzuki et al., 1999; Vojtek and Cooper, 1995). A number of Rho-GTPase genes showed 
differentential expression patterns in our study. These data however, can best be explained by a 
role for Rho-GTPase as a molecular controller that triggers various regulatory processes in the 
extensive rearrangement of cytoskeletal structure (refer to the review by Di Ciano-Oliveira et al. 
(2006) for detail about the roles of Rho-GTPases in osmotic stress). A similar pattern was 
confirmed in the euryhaline fish longjaw mudsucker G. mirabilis, with Rho-GTPase 7 and 8 
differentially expressed during hypo/hyperosmotic stress (Evans and Somero, 2008). Variable 
expression of Rho-GTPase family proteins were observed in all three osmoregulatory organs 
under elevated salinity conditions suggesting a role for this gene family during salinity exposure 
in P. hypophthalmus. 
 
14-3-3 protein is another element in the signal transduction network. We recorded 14-3-3 protein 
transcripts that were upregulated in P. hypophthalmus gill while being down regulated in kidney 
and intestine. The 14-3-3 protein family has an identified role in salinity tolerance since it is 
involved in various cellular processes including signal transduction, cell-cycle control, apoptosis, 
stress responses and malignant transformation (van Hemert et al., 2001). 14-3-3 proteins are the 
initial “check-point” that combine all the phosphorylation-based signals (proteins including 
serine or threonine) and distribute signals toward target cells (Fiol and Kültz, 2007). In an earlier 
study of 14-3-3 mRNA expression in killifish F. heteroclitus, increment in expression of this 
gene in the gills under euryhaline conditions was observed after transfer from seawater to 
freshwater (Kültz et al., 2001; Scott et al., 2006). It is also interesting to note that changes in 
environmental calcium concentration caused changes to 14-3-3 protein expression patterns in the 
green spotted puffer Tetraodon nigroviridis (Pinto et al., 2010) 
 
As mentioned above, the myo-inositol biosynthesis pathway as well as transporting myo-inositol 
to counteract osmotic imbalance provides a possible strategy for P. hypophthalmus to cope with 
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external salinity fluctuations. Of interest, SMIT has been confirmed previously to be modulated 
by serine/threonine-protein kinase, a kinase subfamily encoded by SGK1, SG2 and SGK3 genes 
(Klaus et al., 2008). Previous studies have confirmed the involvement of SGK family genes in 
both short and long term salinity acclimation in teleost fish including in spiny dogfish Squalus 
acanthias (Waldegger et al., 1998) and killifish F. heteroclitus (Hoffmann et al., 2002; Shaw et 
al., 2008). We detected significant upregulation of SKG1 in the gill of P. hypophthalmus during 
raised salinity exposure, suggesting a role for this gene in the osmosensory pathway of Tra 
catfish. 
 
3.4.6 Genes involved in detoxification 
Biotransformation processes assist an organism to dispose of xenobiotics during environmental 
shifts (e.g. salinity fluctuation). These processes can be mediated in various pathways, 
categorized into Phase I and Phase II reactions. Cytochrome P450 1A (CYP1A) is an oxidative 
enzyme involved in Phase I biotransformation and is believed to be involved in acclimation of 
freshwater fish to elevated salinity conditions. Acclimation of rainbow trout (O. mykiss) to 
seawater produced a significant increase in CYP1A gene expression (Leguen et al., 2010). This 
result correlates well with outcomes from a micro-array based transcriptomic study of G. 
mirabilis, that showed positive upregulation of CYP1A1 in the gill during hypo/hyper salinity 
exposure (Evans and Somero, 2008). Recently, an experiment that examined a broader range of 
cytochrome Phase 1 enzymes reported similar results with four orthologs of cytochrome P450 
(CYP1A, CYP2K1, CYP2M1 and CYP3A27) in gill, liver and olfactory tissue, respectively. 
They were found to be upregulated rapidly during transfer of fish from freshwater conditions to 
various raised salinities (Lavado et al., 2013). Here we also observed a decrease in glutathione s-
transferase (GST), a gene encoding a key enzyme involved in the detoxification system that 
protects cells against reactive oxygen species. This pattern is similar to one reported previously 
in Japanese eel (A. anguilla) (Kalujnaia et al., 2007). The specific role of this gene in the 
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intestine of teleost fish and the reason for the decline in its expression under elevated salinity 
conditions however, are still unknown. 
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Chapter 4: A conceptual model for the salinity 
tolerance pathway in P. 
hypophthalmus 
The current study was designed not only to generate a catalogue of genes that were 
differentially expressed in the target species in response to different salinity conditions, 
but also to allow the data to be integrated to identify the connection as well as possible 
molecular pathways that control the adaptive response. Broad functional categories of 
differentially expressed genes were identified, based on gene ontology information and 
from data in published studies. These data were then developed into a conceptual 
schematic model that attempts to describe potential interactions between key genes 
involved in salinity tolerance in Tra catfish (P. hypophthalmus). This model is 
presented schematically in figure 13 below. 
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Figure 13. Schematic model for the salinity tolerance pathway in P. 
hypophthalmus. 
 
 
 
 
 
PEPT1: Peptide transporter 1, GLUT1: Glucose facilitator , 
AQP: Aquaporins, NKA: Sodium/Potassium ATPase alpha, 
SGLT: Sodium/glucose cotransporter, TAUT: Sodium- and 
chloride-dependent taurine transporter, SMIT: Sodium 
myo-inositol cotransporter 2 Peptide transporter 1, SRQ: 
Succinate dehydrogenase, IDH: Isocitrate dehydrogenase, 
NaDH sodium dehydrogenase, CS: Citrate synthase, COX: 
cytochrome oxidase c subunit , GST:  glutathione s-
transferase 3, p53: Apoptosis-stimulating of p53 protein 1, 
Apoptotic protease: Apoptotic protease-activating factor, 
Bcl-2 apoptosis facilitator: apoptosis facilitator bcl-2-like 
protein 14 Bcl2 antagonist: Bcl2 antagonist of cell death, 
Bax: Apoptosis regulator bax, SGK: Serine threonine-
protein kinase sgk1-like isoform x1, MAPK: Mitogen-
activated protein kinase. 
 Chapter 4: A conceptual model for the salinity tolerance pathway in P. hypophthalmus 72 
 
As described above, candidate genes involved in salinity tolerance were classified into 
six categories based on annotation results and published studies. Category 1 included 
genes that contribute to overall energy metabolism during salinity elevation. In most 
instances, these genes are upregulated so that individuals can cope with the increased 
demand for energy to respond to the stress associated with raised salinity conditions. 
This process occurs mostly in the mitochondria of gills and the kidneys. As mentioned 
above, osmoregulatory processes consume a large amount of energy, so individuals 
need to invest energy to drive adaptive responses controlled by these genes to respond 
to raised salinity concentrations. Category 2 consists of ion transporter genes, some of 
which were up or down regulated under elevated salinity, balancing ion homeostasis as 
well as osmolyte recirculation in P. hypophthalmus cells. Ion transporters, depending 
on individual osmoregulatory organs, can have different functions that assist individuals 
to balance their ionic equilibrium. Moreover, some ion transporters can assist in 
counteracting cell shrinkage that results from raised environmental salinity level. 
Category 3 contains genes that have a specific role in cell protection and the immune 
system. These genes contribute to cell maintenance and repair as well as assisting in 
replacement of damaged parts of cells during salinity elevation to assist them to recover 
their functionality. Category 4 contains structural genes that control cytoskeleton 
rearrangement, extending the ability of cells to acclimate to hyperosmotic 
environmental conditions. As earlier studies have suggested, adjustment of the 
cytoskeleton allows cells to acclimate to elevated salinity concentrations. Category 5 
includes candidate signal transduction elements that potentially maintain connections 
between the perceived external environmental shift and the physiological responses of 
fish. Lastly, Category 6 consists of genes that can contribute to the detoxification 
process in P. hypophthalmus potentially assisting with disposal of xenobiotics in 
saltwater. 
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Acclimation to raised salinity conditions is initiated when osmosensors in the body 
perceive a change in salinity that then send a signal toward the MAPK signal cascade. 
This central signal can then distribute the message through many channels to specific 
tissues, thus invoking specific responses (Category 5). Among them, Rho-GTPases 
distribute signals to the exoskeleton proteins, including to F-actin, myosin protein 
family genes and claudins. This can assist with rearranging the structure of the cell to 
cope with new osmotic conditions (Category 2). While the SGK signal cascade 
stimulates a signal toward SMIT, a myo-inositol pump transfers osmolytes into cells – 
Category 3 (osmolytes have previously been confirmed as a method for counteracting 
cell bursting via osmotic pressure elevation). SGLT and TAUT are genes in the same 
group and also act as an osmolyte pump, transferring myo-inositol and taurine, 
respectively to cells to protect against cells bursting. Hypersaline stress can lead to a 
critical point where salinity level causes cell shrinkage or swelling that can lead in turn, 
to cell death. Apoptosis, or regulated cell death is triggered, so cells can self-destruct in 
an orderly and controlled pattern, allowing replacement of damaged cells with new 
cells, ensuring cellular homeostasis. This involves various genes in a number of 
pathways including Bax, Bcl-2. It is also important to note that during salinity 
acclimation, fish rely on both active and passive transporters to maintain ion gradients 
across cell membranes (Category 2). Fluctuations in external osmotic environmental 
conditions in P. hypophthalmus can be addressed via the action of various ion pumping 
genes including the NKA pump, Aquaporin family and NBC. In addition, GLUT and 
PEPT1 potentially assist transfer of free amino acids and glucose into affected cells, 
that can later be used in the TCA cycle to generate the massive energy required for the 
acclimation process (Category 1). In P. hypophthalmus, we observed many genes 
involved in energy generation including; CS, SHD and NaDH that were differentially 
expressed during salinity elevation. As discussed earlier, energy metabolism is a crucial 
process during acclimation to elevated salinity environments in teleost fish. Finally, we 
also include the P450 family and GST genes, that we suspect to act as a detoxification 
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mechanism in P. hypophthalmus (Category 6). It is important to recognise however that 
the current model developed here is unlikely to include all of the potential genes that 
are differentially expressed in the species related to salinity acclimation. The model 
does however, provide a basic molecular foundation for building up a more detailed 
functional explanation of how salinity tolerance is mediated in the target species and 
also more widely in others freshwater teleosts.  
Limitations of the current study 
As indicated in the study objective, the current study was limited to the generation of the 
reference transcriptome for Tra catfish (P. hypophthalmus). Some limitations related to the 
experimental design employed could enhance transcriptomic work on this species. 
i. A lack of sufficient biological samples that could influence recognition of 
up/down regulated transcript.  
 More biological samples would create more statistical power when assessing 
whether a transcript was up/down regulated at different salinities. Because 
however, as sequencing costs were high at the time of conducting the study, 
we had to limit the number of samples. In future research, experiments that 
employ at least 3 biological samples would allow the list of candidate gens 
identified here to be confirmed with more statistical power. 
ii. Creation of a master pool prior sequencing and its effect on differential gene 
expression results. 
 A master pool would improve the resolution and allow more genetic 
variations to be captured within the sequencing, resulting in a more 
comprehensive transcriptome that can be used for later study.  
iii. Choice of NGS platform 
 This was not an option at the time of sequencing for the current study. With 
recent development in NGS technology, a wide variety of platforms are now 
available (including Illumina NextSeq, PacBio or 3rd generation sequencing 
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platform. An additional strategy could also be applied would be to increase 
the total number of reads (up to 40-50 million reads) and to enhance 
sequencing quality, as this would improve assembly statistics (i.e. apply 
paired-end/mate pair reads).  
iv. Alternative bioinformatics algorithms  
 As suggested by the literature, there are many different DGE packages available 
online at the moment. One possible limitation of the current study is that we only used 
a single software package for the DGE analysis (i.e., the CLC Genomics Workbench 
RNA-seq module). A better approach would be to employ two or more DGE software 
packages to yield a more comprehensive results.   
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Chapter 5: Conclusions and future 
directions 
Tra catfish (P. hypophthalmus) is a species of freshwater catfish that is widely cultured 
in the Mekong River Delta region of southern Vietnam. It is an important species for 
the local aquaculture industry, and currently is reared in many areas across the delta and 
contributes a significant percentage to total fish export turnover value in Vietnam but 
also in many small provinces that rely heavily on fish farming. Due to predicted 
impacts of climate change, the Tra catfish future industry is facing a massive threat 
linked to forecasts of sea level rise this century. It will therefore be important to develop 
catfish culture lines with improved salinity tolerance. This can be achieved by 
integrating traditional breeding programs with genetic markers related to the trait of 
interest (i.e. salinity tolerance). Reaching this step will require developing a better 
understanding of the ability of the target species to acclimate to raised salinity 
conditions, as well as identification of key genes that contribute to salinity 
tolerance/acclimation in the species. The current study investigated transcriptomic 
responses of P. hypophthalmus exposed to two salinity concentrations (0 and 15ppt). 
The first aim of this project was to construct the most comprehensive de novo assembly 
and to annotate a reference transcriptome for later differential gene expression studies. 
To this end, total RNA was extracted, then purified and mRNA isolated to generate a 
cDNA library. All cDNA libraries were sequenced using the Ion Proton sequencing 
platform. For the de novo assembly process, we conducted a comparative assessment of 
three different de novo assemblers: Trinity, Velvet/Oases and SOAP de novo Trans and 
following this we combined the three assemblies to generate a single reference 
transcriptome used for differential gene expression analysis of candidate genes with 
potential roles in salinity acclimation. 
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After mapping all reads against an annotated reference transcriptome and calculating 
the RPKM value for each condition, results showed over 3000 transcripts that were 
differentially expressed under the two salinity conditions (0 and 15ppt) across all three 
osmoregulatory organs tested. Based on functional annotation and published data, we 
classified all differentially expressed genes into six gene categories based on their 
predicted gene function and selected a list of candidate genes based on differential 
expression patterns that potentially impact P. hypophthalmus salinity tolerance. Last but 
not least, we attempted to synthesize the data from the entire set of potential candidate 
genes to generate a simple conceptual model for how P. hypophthalmus may respond at 
the molecular level to changes in sub lethal salinity. Ultimately, these data could be 
used to identify functional gene markers for application in a marker-assisted selection 
program for P. hypophthalmus to allow development of raised salinity adapted forms 
for the culture industry in Vietnam.  
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A2_assembly 
A3_raw_data_qc 
A4_RNA_cDNA_extraction 
A5_scripts 
A6_Functional_annotation_files 
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Appendix C – Gene enrichment analysis 
Over-representative GO in Down-regulated transcript 
 
GO‐ID  Term  Category FDR  P‐
Value 
GO:0051179  localization  P  1.71E‐
06 
1.96E‐
09 
GO:0051234  establishment of localization  P  1.50E‐
10 
4.78E‐
14 
GO:0006810  transport  P  2.44E‐
11 
1.55E‐
15 
GO:0044710  single‐organism metabolic 
process 
P  4.90E‐
08 
4.36E‐
11 
GO:0044765  single‐organism transport  P  8.49E‐
11 
1.08E‐
14 
GO:0044281  small molecule metabolic process  P  1.23E‐
04 
2.35E‐
07 
GO:0071702  organic substance transport  P  2.02E‐
04 
4.48E‐
07 
GO:0006811  ion transport  P  8.85E‐
10 
3.38E‐
13 
GO:0055085  transmembrane transport  P  1.29E‐
09 
6.57E‐
13 
GO:0055114  oxidation‐reduction process  P  4.90E‐ 4.06E‐
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08  11 
GO:0046907  intracellular transport  P  3.50E‐
02 
2.69E‐
04 
GO:0045184  establishment of protein 
localization 
P  4.98E‐
02 
4.12E‐
04 
GO:0015031  protein transport  P  2.12E‐
02 
1.42E‐
04 
GO:0016192  vesicle‐mediated transport  P  1.86E‐
02 
1.15E‐
04 
GO:0034220  ion transmembrane transport  P  5.87E‐
07 
6.36E‐
10 
GO:0006812  cation transport  P  1.69E‐
03 
5.93E‐
06 
GO:0006886  intracellular protein transport  P  1.44E‐
02 
8.09E‐
05 
GO:0019752  carboxylic acid metabolic process  P  3.92E‐
02 
3.07E‐
04 
GO:0006820  anion transport  P  4.39E‐
09 
2.79E‐
12 
GO:0030001  metal ion transport  P  7.95E‐
03 
4.25E‐
05 
GO:0006897  endocytosis  P  4.26E‐
03 
1.79E‐
05 
GO:0015672  monovalent inorganic cation 
transport 
P  1.19E‐
03 
3.63E‐
06 
GO:1901615  organic hydroxy compound 
metabolic process 
P  4.94E‐
05 
8.48E‐
08 
GO:0015711  organic anion transport  P  1.99E‐
03 
7.43E‐
06 
GO:0006066  alcohol metabolic process  P  1.23E‐
04 
2.42E‐
07 
GO:0006814  sodium ion transport  P  2.73E‐
04 
6.59E‐
07 
GO:0015698  inorganic anion transport  P  4.39E‐
09 
2.79E‐
12 
GO:0044712  single‐organism catabolic process  P  5.95E‐
03 
2.95E‐
05 
GO:0044282  small molecule catabolic process  P  5.95E‐
03 
2.95E‐
05 
GO:0015849  organic acid transport  P  3.37E‐
02 
2.58E‐
04 
GO:0008202  steroid metabolic process  P  3.73E‐
03 
1.53E‐
05 
GO:0016054  organic acid catabolic process  P  3.36E‐
02 
2.55E‐
04 
GO:0046395  carboxylic acid catabolic process  P  3.36E‐ 2.55E‐
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02  04 
GO:0003014  renal system process  P  3.64E‐
04 
9.96E‐
07 
GO:0006821  chloride transport  P  5.54E‐
03 
2.65E‐
05 
GO:0006730  one‐carbon metabolic process  P  2.03E‐
03 
7.76E‐
06 
GO:0070293  renal absorption  P  2.70E‐
06 
3.53E‐
09 
GO:0015701  bicarbonate transport  P  2.02E‐
04 
4.49E‐
07 
GO:0015893  drug transport  P  5.61E‐
04 
1.57E‐
06 
GO:0006081  cellular aldehyde metabolic 
process 
P  5.34E‐
03 
2.49E‐
05 
GO:0072348  sulfur compound transport  P  7.36E‐
03 
3.89E‐
05 
GO:0019755  one‐carbon compound transport  P  1.55E‐
04 
3.16E‐
07 
GO:0008272  sulfate transport  P  4.30E‐
03 
1.83E‐
05 
GO:0043388  positive regulation of DNA 
binding 
P  1.72E‐
02 
1.01E‐
04 
GO:0006826  iron ion transport  P  2.47E‐
02 
1.70E‐
04 
GO:0071391  cellular response to estrogen 
stimulus 
P  4.81E‐
02 
3.95E‐
04 
GO:0015840  urea transport  P  6.63E‐
04 
1.90E‐
06 
GO:0014075  response to amine stimulus  P  5.09E‐
03 
2.23E‐
05 
GO:0032456  endocytic recycling  P  1.59E‐
02 
9.12E‐
05 
GO:0046487  glyoxylate metabolic process  P  5.71E‐
05 
1.02E‐
07 
GO:0071918  urea transmembrane transport  P  1.67E‐
03 
5.65E‐
06 
GO:0006662  glycerol ether metabolic process  P  4.04E‐
02 
3.21E‐
04 
GO:0006067  ethanol metabolic process  P  3.73E‐
03 
1.51E‐
05 
GO:0042891  antibiotic transport  P  3.73E‐
03 
1.51E‐
05 
GO:0034308  primary alcohol metabolic 
process 
P  6.31E‐
03 
3.25E‐
05 
GO:1901998  toxin transport  P  1.80E‐ 1.10E‐
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02  04 
GO:0042744  hydrogen peroxide catabolic 
process 
P  1.80E‐
02 
1.10E‐
04 
GO:0042866  pyruvate biosynthetic process  P  1.73E‐
03 
6.15E‐
06 
GO:0006559  L‐phenylalanine catabolic process  P  2.60E‐
02 
1.91E‐
04 
GO:0006558  L‐phenylalanine metabolic 
process 
P  2.60E‐
02 
1.91E‐
04 
GO:1902222  erythrose 4‐
phosphate/phosphoenolpyruvate 
family amino acid catabolic 
process 
P  2.60E‐
02 
1.91E‐
04 
GO:1902221  erythrose 4‐
phosphate/phosphoenolpyruvate 
family amino acid metabolic 
process 
P  2.60E‐
02 
1.91E‐
04 
GO:0042938  dipeptide transport  P  1.89E‐
02 
1.24E‐
04 
GO:0009436  glyoxylate catabolic process  P  1.89E‐
02 
1.24E‐
04 
 
 
APPENDIX Over-representative GO in Up-regulated transcript 
 
GO‐ID  Term  Category FDR  P‐Value 
GO:0008219  cell death  P  7.36E‐
03 
1.51E‐
05 
GO:0016265  death  P  7.36E‐
03 
1.54E‐
05 
GO:0012501  programmed cell death  P  1.15E‐
02 
2.71E‐
05 
GO:0006915  apoptotic process  P  3.99E‐
02 
2.25E‐
04 
GO:0006412  translation  P  2.38E‐
05 
1.21E‐
08 
GO:0006417  regulation of translation  P  3.99E‐
02 
2.26E‐
04 
GO:0051258  protein polymerization  P  3.99E‐
02 
2.22E‐
04 
GO:0042246  tissue regeneration  P  3.46E‐
03 
6.17E‐
06 
GO:0006414  translational elongation  P  1.82E‐
02 
5.56E‐
05 
GO:0030833  regulation of actin filament 
polymerization 
P  4.25E‐
02 
2.51E‐
04 
GO:0009410  response to xenobiotic  P  9.69E‐ 2.22E‐
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stimulus  03  05 
GO:0071466  cellular response to 
xenobiotic stimulus 
P  7.39E‐
03 
1.65E‐
05 
GO:0031101  fin regeneration  P  1.82E‐
02 
5.27E‐
05 
GO:0019319  hexose biosynthetic process P  2.47E‐
02 
8.96E‐
05 
GO:0046364  monosaccharide 
biosynthetic process 
P  3.56E‐
02 
1.80E‐
04 
GO:0035850  epithelial cell 
differentiation involved in 
kidney development 
P  4.20E‐
02 
2.40E‐
04 
GO:0006094  gluconeogenesis  P  3.97E‐
02 
2.09E‐
04 
GO:0007512  adult heart development  P  2.92E‐
02 
1.19E‐
04 
GO:0072012  glomerulus vasculature 
development 
P  2.92E‐
02 
1.19E‐
04 
GO:0061440  kidney vasculature 
development 
P  3.97E‐
02 
2.12E‐
04 
GO:0061437  renal system vasculature 
development 
P  3.97E‐
02 
2.12E‐
04 
GO:0051764  actin crosslink formation  P  4.88E‐
02 
2.95E‐
04 
GO:0032796  uropod organization  P  2.56E‐
03 
3.42E‐
06 
GO:0072104  glomerular capillary 
formation 
P  1.49E‐
02 
3.99E‐
05 
GO:0072103  glomerulus vasculature 
morphogenesis 
P  1.49E‐
02 
3.99E‐
05 
GO:0061439  kidney vasculature 
morphogenesis 
P  2.22E‐
02 
7.63E‐
05 
GO:0061438  renal system vasculature 
morphogenesis 
P  2.22E‐
02 
7.63E‐
05 
GO:0003365  establishment of cell 
polarity involved in 
ameboidal cell migration 
P  2.55E‐
02 
1.00E‐
04 
GO:0003379  establishment of cell 
polarity involved in 
gastrulation cell migration 
P  1.40E‐
02 
3.49E‐
05 
GO:0006538  glutamate catabolic process  P  3.99E‐
02 
2.24E‐
04 
GO:0009253  peptidoglycan catabolic 
process 
P  3.14E‐
02 
1.40E‐
04 
GO:0000270  peptidoglycan metabolic 
process 
P  3.14E‐
02 
1.40E‐
04 
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GO:0042412  taurine biosynthetic 
process 
P  3.14E‐
02 
1.40E‐
04 
 
 
 
